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Abstract 
 
Polycyclic aromatic hydrocarbons (PAHs) are an important environmental concern due to their 
carcinogenic and toxic properties. Moreover, several PAHs have been classified into mutagenic 
compounds. The sources of PAHs are classified into anthropogenic and natural sources such as 
incomplete combustion of fossil fuel, biomass burning, industrial boilers, and forest fires etc. Emitted 
PAHs can distribute both gaseous phase and particulate phase. As a large amount of PAHs emitted to the 
atmosphere is deposited to the land or sea, atmospheric deposition of PAHs is a significant phenomenon.  
There have been many studies of atmospheric deposition of PAHs, and several kinds of deposition 
samplers have been used. However, the results with different deposition samplers cannot be directly 
compared, because their performance was not fully compared or calibrated. Besides, the deposition fluxes 
and deposition velocities measured in the previous studies showed large variations even though the same 
samplers were used. Therefore, a through evaluation of different types of deposition samplers are required 
to clearly understand the process of atmospheric deposition of PAHs.  
In this study, various information on widely used deposition samplers (basic theories, structures, and 
advantages/disadvantages) was collected. Then, the performance of four types of deposition samplers was 
evaluated. In addition, a high volume air sampler was used to investigate the ambient levels of PAHs and 
deposition velocities. The samplers were deployed on the roof of the engineering building #2 in the Ulsan 
National Institute of Science and Technology (UNIST) from May 2013 to October 2013. Four types of 
deposition samplers (dry deposition sampler (DDP), velcro deposition sampler, resin deposition sampler, 
and bulk deposition sampler) were used. Particulate and gaseous PAHs were indivisually collected by a 
high volume air sampler once a week. 
The target compounds in this study were thirteen US-EPA priority PAHs except naphthalene, 
acenaphthene, and acynaphthylene. After sample extraction and clean up using silica gel columns, a gas 
chromatograph/mass spectrometer (GC/MS) was used for PAH qualification and quantification. In order 
to further interpretate the source-recepor relationship of PAHs, houly data of criteria air pollutants (CO, 
SO2, NO2, O3, and PM10) measured nearby UNIST was acquired from the Ulsan Institute of Health and 
Environment (UIHE). 
The ranges of SO2 were 1.3–9.9 ppb (Mean: 3.8 ppb) and 3.4–15.0 ppb (Mean: 6.8 ppb) in Samnam and 
Mugeo air pollution monitoring stations. The SO2 level showed seasonal variations related with fossil fuel 
consumption and wind direction. The level of SO2 in Mugeo was higher than that of Samnam because 
Mugeo is more influenced by vehicles and has more urban characteristics. The ranges of NO2 were 6.7–
21.9 ppb (Mean: 12.6 ppb) in Samnam and 4.7–43.1 ppb (Mean: 24.0 ppb) in Mugeo. The ranges of O3 
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were 14.1–63.9 ppb (Mean: 34.0 ppb) in Samnam and 13.5–60.5 ppb (Mean: 27.4 ppb) in Mugeo. The 
ranges of PM10 were 15.1–57.1 μg/m
3
 (Mean: 30.9 μg/m3) in Samnam and 14.6–74.8 μg/m3 (Mean: 38.4 
μg/m3) in Mugeo. The sampling site at UNIST was confirmed to be seasonally influenced by air pollution 
sources in Samnam and Mugeo according to geographical positions and major wind directions. 
The levels of gaseous PAHs were 1.10–7.02 ng/m3 (Mean: 4.23 ng/m3), and those of particulate PAHs 
were 0.85–2.82 ng/m3 (Mean: 1.67 ng/m3). Namely, the total PAH concentrations were 1.95–9.84 ng/m3 
(Mean: 5.91 ng/m
3
) during the sampling period. The variation of PAH concentrations was not large, but 
they increased in spring and fall. The sampling site in this study is located in a rural area. Therefore, it 
was assumed that the sampling site was affected by criteria air pollutants and PAHs emitted from urban 
sources.  
Deposition fluxes and velocities of PAHs were calculated based on the amount of deposited PAHs and 
ambient air concentrations. The ranges of deposition fluxes of PAHs collected by DDP, velcro, resin, and 
bulk samplers were 4.55–15.13 μg/m2/d (Mean: 8.89 μg/m2/d), 13.14–30.92 μg/m2/d (Mean: 22.04 
μg/m2/d), 7.72–55.41 μg/m2/d (Mean: 28.43 μg/m2/d), and 32.72–49.44 μg/m2/d (Mean: 40.13 μg/m2/d), 
respectively. This result indicates that deposition fluxes derived from different types of deposition 
samplers do not coincide and they should not be directly compared. DDP could not collect high molecular 
weight-PAHs mostly associated with fine particles. Therefore, the performance of the velcro sampler as a 
dry deposition sampler was better than that of DDP. As a bulk (dry/wet deposition) sampler, the 
performance of the Resin and bulk samplers was similar. On the basis of this result, further studies were 
suggested to improve the calculation of deposition fluxes and velocities. 
 
  
 
 
 
 
 
 
  
vii 
 
  
 
 
 
 
 
 
 
 
 
 
  
viii 
 
  
Contents 
 
Chapter 1. Introduction 
I. Research background...............................................................................................................14 
1.1. Polycyclic aromatic hydrocarbons..................................................................................... 14 
1.2. Deposition .........................................................................................................................20 
II. Previous studies........................................................................................................................23 
III. Objectives of this study.............................................................................................................28 
 
Chapter 2. Materials and methods 
I. Sampling site.......................................................................................................................30 
II. Sampling periods..................................................................................................................32  
III. Meteorological conditions and criteria air pollutants…………………....…………………36 
IV. Target compounds: polycyclic aromatic hydrocarbons……………………………………37 
V. Samplers…………………………………………………………………………………38 
5.1 Active air sampler……………………………………………………………………38 
5.2 Deposition sampler……………………………………………………………………39 
5.2.1 Dry deposition sampler…………………………………………………………39 
5.2.2 Velcro deposition sampler………………………………………………………40 
5.2.3 Resin deposition sampler………………………………………………………41 
5.2.4 Bulk deposition sampler…………………………………………………………42 
VI. Pretreatment……………………………………………………………………………43 
6.1. Active air samples………………………………………………………………………43 
6.2. Deposition samples……………………………………………………………………44 
6.2.1 Dry deposition sample………………………………………………………44 
6.2.2 Velcro deposition sample……………………………………………………44 
6.2.3 Resin deposition sample…………………………………………………………45 
6.2.4 Bulk deposition sample…………………………………………………………45 
6.3. Instrumental analysis…………………………………………………………………46 
6.4. QA/QC…………………………………………………………………………………49 
  
ix 
 
  
Chapter 3. Results and discussion 
I. Levels and patterns of criteria air pollutants and meteorological conditions…………51 
II. PAH concentrations in air………………………………………………………………56 
2.1. Seasonal variations of PAH concentrations ……………………………………………..…56 
2.2. Individual PAH concenrations……………………………………………………..…….57 
2.3. Source indentifications of PAHs……………………………………………………..……59 
2.4. Correlation among target compounds…………………………………………………….60 
III. Deposition flux and deposition velocity……………………………………………………62 
3.1. Deposition flux…………………………………………………………………………62 
3.1.1 Profiles of deposition flux of deposition samplers………………………………62 
3.1.2 Seasonal variations of deposition flux of deposition samplers……………………64 
3.2. Deposition velocity……………………………………………………………………66 
3.2.1 Profiles of deposition velocity of deposition samplers……………………………66 
3.2.2 Seasonal variations of deposition velocity of deposition samplers………………67 
3.3. Assessment of deposition samplers…………………………………………………68 
3.3.1 Box plot for deposition fluxes and deposition velocities…………………………68 
3.3.2 Assessment for among target compounds………………………………………70 
 
Chapter 4. Conclusions 
I. Summary and overall conclusions……………………………………………………72 
II. Recommendations for further research…………………………………………………73 
References………………………………………………………………………………………………74 
Supplementary information…………………………………………………………………………80 
Acknowledgement……………………………………………………………………………………93 
Curriculum Vitae………………………………………………………………………………………95 
 
 
  
x 
 
  
List of Figures 
 
Figure 1. Multimedia fates of PAHs which is moved in environmental medias such as air, soil, river, 
and sea……………………………………………………………………………………..15 
Figure 2. Priority16 PAHs for structure on the EPA…………………………………………………17 
Figure 3. Time trends of results searching air, deposition, and PAHs in the Scopus………………23 
Figure 4. Location of sampling site, fourteen air pollution monitoring networks, and nine one 
automatic weather systems in Ulsan, South Korea............................................ …30 
Figure 5. High volume air sampler to collect both particulate PAHs and gaseous PAHs……………38 
Figure 6. Scheme for the structure of dry deposition plate…………………………………………….39 
Figure 7. Scheme for the structure of velcro deposition sampler…………………………………….40 
Figure 8. Scheme for the structure of resin deposition sampler…………………………………….41 
Figure 9. Scheme for the structure of bulk deposition sampler……………………………………….42 
Figure 10. Analytical procedures of polycyclic aromatic hydrocarbons……………………………….43 
Figure 11. Gas chromatograph/mass spectrometer…………………………………………… .46 
Figure 12. Chromatogram for 16 PAHs……………………………………………………………….47 
Figure 13. Seasonal wind direction of meteorological stations as Sangbuk and Bukjung…………….51 
Figure 14. Comparison of criteria air pollutants in PM10, SO2, NO2, O3, and CO collected at the Mugeo 
and Samnam…………………………………………………………………………….54 
Figure 15. Comparison of each compounds collected at the Samnam and Mugeo…………….54 
Figure 16. Pollution roses of SO2, NO2, and PM10 during the sampling periods collected at the Sangbuk 
and Bukjung………………………………………………………………………………….55 
Figure 17. Seasonal variations of total concentration of PAHs (Gaseous PAHs + particulate PAHs) and 
gas/particle fractions. ……………………………………………………………………….56 
Figure 18. Fraction benzene rings of atmospheric PAHs…………………………………………….57 
Figure 19. Individual PAHs according to gaseous PAHs and particulate PAHs and fraction of 
gas/particle. ……………………………………………………………………………….58 
Figure 20. Concentration of gaseous PAHs and particulate PAHs…………………………………….58 
Figure 21. Scatter plot of Flt/(Flt + Pyr) for the atmospheric PAHs………………………………….59  
Figure 22. Deposition flux of individual PAHs of each deposition sampler………………………….64 
Figure 23. Deposition flux of seasonal variations of each deposition sampler…………………….65 
Figure 24. Deposition velocity of individual PAHs of each deposition sampler……………………....66 
Figure 25. Deposition velocity of seasonal variations of each deposition sampler……………………67 
  
xi 
 
  
Figure 26. Box plot for deposition fluxes and deposition velocities and individual PAHs of deposition 
fluxes and deposition velocities…………………………………………………………….69 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
xii 
 
  
List of Tables 
 
Table 1. Physical and chemical properties of priority PAHs identified Environmental protection 
agency………………………………………………………………………………………18 
Table 2. The toxicological affects and level of PAHs…………………………………………….19 
Table 3. Sampling periods from May to October. There is precipitation in sampling periods and 
implemented high volume air sampler…………………………………………… .32 
Table 4. Each deposition sampler (Dry deposition plate, velcro deposition sampler, resin deposition 
sampler, bulk deposition sampler) of sampling period from May to October…………….33  
Table 5. Gas chromatograph/mass spectrometer conditions for polycyclic aromatic hydrocarbons.47 
Table 6. Gas chromatograph/mass spectrometer for target ions and qualifier ions to analyze……….48 
Table 7. In s t r u me n t a l  d e t e c t i o n  l i mi t s  a n d  L i mi t  o f  q u a n t i f i c a t i o n s … … … … 5 0 
Table 8. Meteorological conditions during sampling periods…………………………….52 
Table 9. Pearson correlation matrix of PAHs, criteria air pollutants collected at the Samnam and 
Mugeo………………………………………………………………………………………60 
Table 10. Pearson correlation matrix of PAHs in air, deposition fluxes of PAHs, deposition velocities 
of PAHs, criteria air pollutants collected at the Samnam and Mugeo……………………….71 
  
  
13 
 
  
  
14 
 
  
Chapter 1. Introduction 
I. Research background 
1.1 Polycyclic aromatic hydrocarbons (PAHs) 
Polycyclic aromatic hydrocarbons (PAHs) are environmental pollutants. They are mutagenic derivatives 
forming important compounds in environmental pollutants. In addition to other compounds, they have 
been of interest to researchers focusing on people’s exposure to the indoor and outdoor air environments 
all over the world. PAHs and their derivatives are found in various environmental media not only close to 
PAH sources, but also distant from these sources through long-range transport, and it has been shown that 
they are accumulating in environmental media. It has been reported that PAHs can be diffused on a global 
level, and they have been found in the Arctic and Antarctic through transport via seawater or freshwater 
(Lohmann et al., 2009). This is possible because PAHs are semi-volatile organic compounds (SOCs) that 
tend to accumulate in materials. It is therefore necessary to determine their effects on humans through 
long-term exposure.  
PAHs consist of hydrocarbons containing two or more benzene rings, and originate from incomplete 
combustion or pyrolysis of organic compounds over 700 °C. They are ubiquitous organic compounds 
principally formed by incomplete combustion, such as fossil fuels. For example, there are two kinds of 
sources of PAHs - anthropogenic and natural sources. Anthropogenic sources are emissions from vehicles 
and industries, whereas volcanoes represent natural sources. PAHs are composed of two or more benzene 
rings in a linear, angular, or cluster arrangement and include carbon and hydrogen. There are more than 
100 PAHs that have been identified in environmental media and approximately 20 PAHs mainly existent 
in air. Mostly, PAHs are found in the gaseous phase, however, with cooling in the environment, 
condensation and adsorption make them move from the gaseous phase to the particulate phase (Burford, 
Hawthorne, & Miller, 1993; Hutzinger & Reischl, 1990). Adsorption results in non-volatile PAHs 
attaching to particles less than 1 μm in size; volatile PAHs are more abundant in condensation when the 
particle size is over 1 μm. Small particles have a larger surface area than large particles. PAHs attach to 
the particulate matter and move through air for a long time. 
PAHs are divided according to their molecular weight into low molecular weight PAHs (LMWPs) and 
high molecular weight PAHs (HMWPs). LMWPs are not carcinogenic and show high volatility due to 
low vapor pressure, however they can result in deformity of organisms and exhibit more toxicity than 
HMWPs, which generate carcinogens and mutagens. Due to their toxic, mutagenic, and carcinogenic 
characteristics, many studies in the literature have observed environmental media such as air (Buehler, 
Basu, & Hites, 2001), soil (Motelay-Massei et al., 2004), and living organisms (Halsall et al., 1994; 
Scheringer & Wania, 2003) in relation to PAHs.  
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PAHs are discharged from various sources. Anthropogenic sources are vehicles, industry, fossil fuels, 
incinerators, and thermal power stations, which represent over 80% of the total PAHs (Baek, Goldstone, 
Kirk, Lester, & Perry, 1991) emitted into the air. Moreover, anthropogenic PAH sources in the 
environment include the release of emission from industrial complexes and all types of incomplete 
combustion of fossil fuels such as coal, oil and gas, or wood and waste incineration (Pyrolytic sources). 
Natural sources include volcanoes and biomass burning (Simcik, Eisenreich, & Lioy, 1999). Some PAHs 
arise naturally, but most PAHs in the environment come from anthropogenic activity. Each source 
produces a characteristic PAH pattern, allowing PAH sources to be distinguished in samples. The 
relationships between the concentrations of individual PAH compounds can be used to determine the 
sources of these compounds. Molecular weight determines the significant contribution of atmospheric 
PAH sources. Moreover, this can show that atmospheric deposition combined with incomplete 
combustion is the main source of PAHs. The role of pyrolytic sources may be understood from this view. 
Through emission to air, PAHs undergo multiple fates, including long-range transport (Choi, Ghim, Lee, 
Kim, & Kim, 2012), gas/particle partitioning (Terzi & Samara, 2004), and deposition (Golomb, Ryan, 
Underhill, Wade, & Zembar, 1997; Sheu, Lee, Su, Chao, & Fan, 1996) in the environment. Humans can 
also be easily exposed to them because PAHs are distributed in different environments such as air, water, 
soil, and sediment. 
 
 
Figure 1. Multimedia fates of PAHs which is moved in environmental  
medias such as air, soil, river, and sea 
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In terms of the structure of PAHs, it seems that benzene rings consist of an angle and are concentrated 
in the structure. PAHs consist of only carbon and hydrogen, however, carbon atoms can exchange 
nitrogen, sulfur and oxygen, as well as heterocyclic aromatic hydrocarbons, called polycyclic organic 
matter (POM). For example, such PAHs include anthracene (Ant), phenanthrene (Phe), pyrene (Pyr), 
fluoranthene (Flt), and perylene 
Table 1 illustrates the physical and chemical properties of the 16 most important PAHs as designated 
by the Environmental Protection Agency (EPA). Most PAHs have high boiling and melting points, but 
studies have indicated that the PAHs with the lowest aqueous solubility those of over four benzene rings 
(Table 1). 
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Figure 2. Priority 16 PAHs for structure on the EPA 
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Table 1. Physical and chemical properties of priority PAHs identified Environmental protection 
agency  
PAHs Abbreviation Rings Mol.Wt Tm (°C)
b
 Tb (°C)
C
 
Vapor  
pressure 
 (Pa)
d
 
Aqueous 
solubility 
 (mg/L)
d
 
Naphtalene Nap 2 128 80 218 1.47 (25°C) 31.7 
Acenaphthylene Acy 
3 
152 92 265 3.87 (20°C) 3.47 
Acenaphthene Ace 154 96 279 0.60 3.93 
Fluorene Flu 166 116 293 0.04 1.98 
Phenanthrene Phe 178 216 293 0.09
 
(25°C) 0.073 
Anthracene Ant 178 101 340 2.27 × 10
-3
 (25°C) 1.29 
Fluoranthene Flt 
4 
201 111 340 6.67 × 10
-4
 (25°C) 0.26 
Pyrene Pyr 202 149 393 3.33 × 10
-4
 (25°C) 0.135 
Benz[a]anthracene BaA 228 158 360 2.93 × 10
-6
 (20°C) 0.014 
Chrysene Chr 228 255 400 8.40 × 10
-5
 (25°C) 0.002 
Benzo[b]fluoranthene BbF 
5 
252 167 448 6.67 × 10
-5
 (20°C) 0.0012 
Benzo[k]fluoranthene BkF 252 217 480 1.28 × 10
-8
 0.00055 
Benzo[a]pyrene BaP 252 179 480 7.47 × 10
-7
 (20°C) 0.0038 
Dibenzo[a,h]anthracene DahA 278 262 496 1.47 × 10
-7
 0.00249 
Benzo[g,h,i]perylene BghiP 
6 
276 222 N.A. 1.33 × 10
-9
 (25°C) 0.00026 
Indeno[1,2,3-cd]pyrene Ind 276 162 N.A. 10
-9
 – 10-4 (20°C) 0.0062 
 
Many research groups have studied the carcinogenic properties of individual PAHs and PAHs as a 
whole. In these results, it has been found that if humans are expose to total PAHs, their carcinogenic 
properties will increase; however, there has been few research on the carcinogenic characteristics of 
individual PAHs. It is suggested that most PAHs pose a potential cancer risk to humans or other 
organisms. Many research groups have studied the cancer risk of PAHs, including the International 
Agency for Research on Cancer (IARC), who carried out a long-term study from 1973 to 1983. Among 
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the PAHs, representative cancer compounds such as Benzo(a)Pyrene (BaP) have posed a cancer risk to 
almost all experimental animals in previous investigations. Table 2 shows the results of the investigation 
of cancer risk by IARC. 
 
Table 2. The toxicological affects and level of PAHs 
PAHs Symtom Standard of harm to human 
Benzo(a)pyrene Acridity to human, dermatitis, bronchitis, 
cough, eye inflammation, edema of the 
lungs, leukemia 
LD50: 50 mg/kg 
LDLO: 500 mg/kg 
Indeno(1,2,3-cd)pyrene Physical contact to carcinogenic and a 
papilloma 
Less than BaP  
 
Benzo(g,h,i)pyrene Mixed with BaP, It can increase its 
carcinogenicity 
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1.2 Deposition 
As emitted in air, PAHs usually undergo changes in their chemical and physical properties. Atmospheric 
deposition of PAHs occurs through the removal from air to soil and water (Simcik, Franz, Zhang, & 
Eisenreich, 1998) as gaseous and particulate PAHs attach to snow and rain or exchange between air and 
water. In 1980, it was reported that the atmospheric deposition of SOCs had an extensive influence on 
great lakes (Program, 2007). To identify the effects of the atmospheric load of SOCs, precipitation 
monitoring, mass balance approach, and two-film model have been used to estimate the influence that 
SOCs have had on great lakes. In the cases of dry deposition, careful attention is needed to identify 
atmospheric deposition, because it is difficult to understand the causes of discrepancies in spatial and 
seasonal variations, which are affected depending on the surrogates reacting with the deposition surface 
and the atmosphere. To measure and evaluate the deposited amounts (Dabroś & Van de Ven, 1983), 
direct analysis of materials on the surrogate surface can be carried out. It is possible to compare the 
results of calculation using a model and the analytical results.  
Generally, deposition methods are distinguished according to two categories (Sehmel, 1980) - direct 
sampling and indirect sampling. In the case of direct sampling, an obvious resolution is measured through 
the deposition flux and deposition velocity of materials on the surface, either by collecting material 
deposited on the surface itself or by measuring the vertical flux near the surface (Tsai & Baker, 2005). 
There are several approaches of measuring dry deposition velocity, such as methods using surrogate and 
natural surfaces, the chamber method, and eddy correlation and accumulation. Indirect methods derive 
flux values by measuring other amounts, such as the concentration of the material being deposited, and 
relating these amounts to the flux (Chang, Fang, Chen, & Wu, 2006). 
Measurement assuming the dry deposition flux with surrogate surfaces is most frequently used in studies 
where the aerodynamic resistance is the dominant parameter. The surrogate surface technique has been 
used mainly for particles where the nature of the surfaces has less influence on the particulate phase than 
the gaseous phase. Surrogate surfaces that have been used include buckets, Teflon plates, petri dishes, 
filter paper, and various greased surfaces. A dry deposition plate (DDP) with greased strips was 
successfully used as a surrogate surface to directly measure particulate fluxes of both organic and 
inorganic compounds. However, the possibility of sorption of gaseous PAHs on greased media has been 
identified (Bae, Yi, & Kim, 2002; Franz, Eisenreich, & Holsen, 1998; Noll, Fang, & Watkins, 1988; 
Odabasi, Sofuoglu, Vardar, Tasdemir, & Holsen, 1999). 
McCready et al. (1988) first designed a DDP using three theories. First, the lowest deposition velocity 
was obtained by the smoothest surrogate surfaces in an atmospheric environment. Thus, the roughness of 
all artifacts was excluded via wind tunnel modeling (McCready, 1986). Holsen et al. (1991) suggest that 
the greased surfaces prevent particle from bouncing on the surrogate surfaces of DDP. A greased surface 
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was used to evaluate the direct particulate deposition. This wind tunnel modeling system was used to 
investigate the deposition of small particles and transport aerodynamic boundary layers, in order to 
develop over a flat, smooth deposition surface. A simple surface shape such as a plate was employed and 
it was noticed that aerodynamics influenced micro-size deposition. The results of wind tunnel modeling 
showed a deposition velocity that relied on the position on the surrogate surface. There was a tendency 
toward increasing particle deposition at the leading edge, where the disruption was greatest in the 
experiments; deposition actually decreased slightly with distance from the leading edge (Shahin, Li, & 
Holsen, 1999).  
The variation in deposition velocity values ensured that a range of deposition velocities would be more 
typical than one deposition velocity for atmospheric deposition to the surface plate. The deposition 
velocity was generally higher for oil-coated surfaces than for uncoated ones, suggesting that significant 
atmospheric bounce-off takes place in relation the uncoated surface. Surrogate surfaces were used to 
determine that atmospheric dry deposition is not electrically grounded.  
In the case of dry deposition, deposition flux of dry deposition determined from the atmosphere during 
dry periods. The flux of dry deposition is due to gravity, impaction, and interception, and it is strongly 
affected by surrogate surfaces, the humidity of surfaces, and meteorological conditions. It is very difficult 
and expensive to determine dry deposition; several techniques have been developed, however, all 
techniques have limitations and are associated with various difficulties (ERISMAN, Beier, Draaijers, & 
Lindberg, 1994).  
A Velcro deposition sampler was set up during dry weather. The sampler consisted of circular DDP with 
Velcro strips on them. A number of standard procedures were carried out to assure the integrity of the 
samples. Wind tunnel studies were included in the design of the surrogate surfaces in order to understand 
the atmospheric flow over the collector. The knife-edge surrogate surfaces of the velcro deposition 
sampler adapted to surrogate surface as directly evaluate particulate and gaseous compounds. Deposition 
samples can be taken with these surfaces at surrogate surfaces. The surface reactivity can be changed to 
adapt them such as natural surfaces.  
Lee et al. (2006) measured dry deposition fluxes for particulate PAHs using a Velcro deposition sampler 
in June and December 2003 at Seoul to identify their seasonal variation of deposition fluxes. This paper 
was the first study about dry deposition of PAHs using a Velcro deposition sampler. Before this study, 
Velcro deposition samplers have been studied in the field since 1990 to determine the dry deposition 
fluxes of sulfates, nitrates, heavy metals, SO2, mercury and O3 (Goossens, 2010; J Zufall, Dai, & I 
Davidson, 1999; Lim, Wurl, Karuppiah, & Obbard, 2007; Marsik, Keeler, & Landis, 2007). 
Resin deposition samplers have been used in various areas of deposition study (M. Fang, Choi, Baek, 
Park, & Chang, 2011), such as in research on PCDD/Fs, PCB, and other compounds. Amberlite IRA-743 
  
22 
 
  
resin is coated polystyrene with methylglucamine that allows water to wet the materials. The large size of 
the resin provides good permeability and prevents the accumulation of water. resin can collect the both 
gaseous phase and particulate phase of dry or wet conditions which has sufficient absorption capacity as 
surrogate absorbent. 
Tilman Gocht et al. (2007) validated resins for long-term monitoring of PAHs and PBDEs. The 
precipitation can go through the resin of the deposition sampler,easily drain and be used as a sorbent to 
trap pollutants from both the precipitation and particles. As physicochemical properties of PAHs were 
proved to validation of resin deposition sampler in previous study (Gocht, Klemm, & Grathwohl, 2007).  
Bulk deposition samplers have been used in many studies for the dry and wet deposition of various 
compounds. In particular, bulk deposition samplers can collect particulate PAHs and gaseous PAHs for 
dry and wet deposition. The disadvantages of bulk deposition is the evaporation of water during the 
summer and the freezing of water during winter (Motelay-Massei, Ollivon, Garban, & Chevreuil, 2003).  
Bulk deposition samplers can measure the total flux of target compounds from the atmosphere during 
both dry and wet periods (with rain, snow, and hail). It is collected with a bottle and a plastic funnel. The 
advantages of bulk deposition samplers are that they are cheap and easy to use; moreover, they do not 
need electricity or maintenance. On the other hand, these samplers are very sensitive to dust from 
sampling areas.  
Wet-only deposition, deposition fluxes of target compounds were removed from the atmosphere with 
rain, snow, hail. The sampling equipment used avoids collection of dust during dry periods, as the 
container opens automatically at the onset of precipitation. The advantage of wet only deposition sampler 
is that it gives valuable information on the chemistry of atmospheric deposition. Disadvantage of wet only 
deposition sampler is that it needs electric power and maintenance, does not work correctly in case of 
heavy snow and precipitation (Hicks, 1987).  
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II. Previous studies 
 
Figure 3. Time trends of results searching air, deposition, and PAHs in the Scopus 
 
Figure 3 shows the time trends of atmospheric deposition of PAHs from a search on the Scopus 
(www.scopus.com). The searching terms were PAHs, air, and deposition. An increasing trend was 
exhibited from 1995 to 2013. Atmospheric monitoring is carried out by different agencies to observe the 
quality of air. However, rapid industrialization can result in an increase in various types of pollution such 
as air, water, sea, and soil pollution. In particular, air pollutants such as hazardous air pollutants (HAPs) 
undergo long-range transport due to different phenomena. PAHs are included in HAPs They are emitted 
to air and then become partitioned between gas phase, particle phase, and deposition. Dry deposition and 
wet deposition have been studied using the following sampler: DDP (Vardar, Odabasi, & Holsen, 2002), 
velcro deposition samplers, resin deposition samplers, and bulk deposition sampler.  
The DDP used in this study has a horizontal, surrogate surface (Garban, Blanchoud, Motelay-Massei, 
Chevreuil, & Ollivon, 2002) and gives estimation of the dry deposition flux. The DDP has a smooth 
surface plate (G.-C. Fang, Chang, Lu, & Bai, 2004) made by polyvinyl chloride (PVC) that collects 
particles on the surfaces. Many studies on atmospheric dry deposition have been carried out (Noll, Yuen, 
& Fang, 1990). 
In Korea, Bae et al. (2002) investigated the size distribution of PAHs and dry deposition in four cities 
(Incheon, Seoul, Yangpyong, and Yangsuri). The PAH size distributions were studied for a cascade 
impactor and dry deposition was studied using a DDP. The distribution of PAHs was obtained by Soxhlet 
extraction with a mixture of dichloromethane (DCM) and petroleum ether and analyzed by gas 
chromatography/mass spectrometry (GC/MS). The ranges of total deposition fluxes were 10 to 24 
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μg/m2/d in winter and 4.1 to 8.2 μg/m2/d in spring. Both the ambient concentrations and the dry 
deposition fluxes were higher in winter than in spring (Bae et al., 2002).  
In addition, Lee and Lee (2004) used a dry and wet deposition sampler system to collect data on both 
the dry and wet deposition of PAHs in Ulsan, Korea. The dry deposition fluxes of 16 PAHs in the winter 
and summer ranged from 0.24 to 142.32 ng/m
2
/d and from no detection to 37.2 ng/m
2
/d, respectively. 
Meanwhile, the wet deposition fluxes in winter and summer were from 0.12 to 49.97 μg/m2/d. The total 
deposition of PAH in Ulsan during winter was much higher than that during summer because of the 
difference between the amounts of fuel used upwind during each season. Dry deposition was 
predominant during winter, whereas wet deposition was more prevalent during summer. Most of the 
PAH deposition in Ulsan involved intermediate PAHs. The atmospheric deposition fluxes of PAHs with 
2, 3, and 4 aromatic rings were about 38, 28, and 24%, respectively (B.-K. Lee & Lee, 2004).  
They collected dry and wet deposition samples excluding atmospheric PAHs during summer season and 
winter season. Atmospheric deposition velocity is calculated by the ratio between deposition flux and 
PAHs concentration in air. 
The report for Seoul Green Environmental Center (SGEC) of atmospheric deposition calculated the dry 
deposition fluxes using Velcro deposition sampler from June 2003 to December 2003 at urban -residential 
and commercial sites. The ranges of deposition fluxes were 7.2 ± 1.8 μg/m2/d and 17.2 ± 4.0 μg/m2/d. 
They did not calculated deposition velocity of PAHs that they did not collect the PAHs in air (2006).  Lee 
et al. (2006) collected dry deposition samples inSeoul, Korea in June and December 2003 using Velcro 
deposition samplers. The dry deposition fluxes of PAHs were 13.4 ± 5.46 μg/m2/d using velcro deposition 
sampler. They calculated a dry deposition velocity of 0.70 ± 0.50 cm/s which is similar to previous 
studies in Seoul (J. Y. Lee, Yi, & Kim, 2006).  
Hyo-Bang Moon et al. (2007) collected bulk deposition samples of PBDEs monthly and for one year at 
urban, suburban and rural site in Korea. They used bulk deposition samplers which consist of stainless 
steel pots with small mesh (0.5 cm × 0.5 cm) to prevent damage from birds and other animals. The 
deposition fluxes of the bulk deposition samplers showed that the range of deposition fluxes varied from 
10.1 to 89.0 μg/m2/yr. The relationship between PBDEs and particulate deposition fluxes showed a 
significant correlation for sampling sites which indicates the association of PBDEs in particulate phase 
(Moon, Kannan, Lee, & Choi, 2007).  
Hyo-Bang Moon et al. (2005) collected bulk deposition samplers which were collected monthly at urban 
and suburban area to evaluate the deposition flux and seasonal variations of polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs). The ranges of bulk deposition fluxes (Dry and wet) were 1.0 
ng/m
2
/yr – 3.7 ng/m2/yr in urban site and 0.5 – 4.6 ng/m2/yr in the suburban site. The deposition fluxes of 
PCDD/Fs were comparable or lower than reported at different areas. This paper suggested that 
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atmospheric deposition fluxes of particles and PCDD/Fs in winter tend to be higher than those in summer. 
Also, the profiles of deposition fluxes showed the possibility of the loading with Asian dust events that 
should be supported (Moon, Lee, Choi, & Ok, 2005).    
In Taiwan, Fang et al. (2004) and Chang et al. (2003) investigated the concentrations and dry deposition 
of PAHs. The dry deposition velocity in the previous study was reflected to investigate the dry deposition 
flux of PAH at all sampling sites. The resulting dry deposition fluxes of total PAHs were 58.5, 48.8, and 
38.6 μg/m2/d at industrial, urban, and rural sites, respectively. Approximately 4.4% of the total deposition 
flux was in the gaseous phase, while 95.6% was in the particulate phase at the industrial sampling site 
(Chang, Fang, Lu, & Bai, 2003; G.-C. Fang et al., 2004). 
Guor-Cheng Fang et al. (2004) investigated atmospheric concentration of PAHs and dry deposition 
fluxes at industrial, urban and rural sites in Taiwan. PAH concentrations were found to be 1,650 ± 1,240 
ng/m
3
, 1,220 ± 520 ng/m
3
 and 831 ± 427 ng/m
3
, respectively. The results showed that the dry deposition 
fluxes were 58.5 ug/m
2
/d, 48.8 ug/m
2
/d and 38.6 ug/m
2
/d using micro-orific uniform deposition impactor 
(MOUDI) at three sites. They focused on the deposition fluxes of size distribution and they estimated size 
distribution of particles. They did not estimate the seasonal variation of atmospheric PAH concentration 
and deposition fluxes which were influenced by seasonal meteorological conditions due to the sources of 
PAHs and the wind pattern at the sampling sites. The point of deposition study determines loading of 
dropping compounds. In this paper, they focus on the BaP toxic equivalency factor (TEF) in three 
sampling sites (G.-C. Fang et al., 2004).     
Soon-Onn Lai et al. (2011) used Velcro deposition sampler as surrogate surfaces for dry deposition of 
mercury. They collected the dry deposition of mercury using velcro deposition samplers which can be 
divided into surrogate surfaces as water surrogate surface, quartz fiber filter (QFFs), gold coated QFF and 
KCl-coated QFF. They concluded that this media of collection of dry deposition have larger capture 
abilities than most natural surfaces. Also, Jiaoyan Huang et al. (2011) compared between knife edge and 
frisbee-shaped surrogate surfaces (FSS) for determining dry deposition measurement using wind tunnel 
experiments and computational fluid dynamics (CFD) modeling. Leading edge of velcro deposition 
sampler and FSS makes the laminar boundary layer to be near their surrogate surfaces, taking them 
adapted for dry deposition (Lai, Huang, Hopke, & Holsen, 2011). 
Askin birgul et al. (2011) collected the dry and wet depositions using improving modified sampler 
(WDDS, Teknosem TYN-400 model, Turkey). The modified sampler can collect the dry and wet 
depositions of target compounds. They calculated dry and wet deposition fluxes in an urban site, in 
BUTAL, Turkey. They calculated total (Particle + gas) deposition fluxes were 7.4 ± 7.3 μg/m2/d and 21 ± 
30 ug/m
2
/d, respectively. They estimated that dissolved and particle phase rainwater concentrations of 
PAHs were 290 ng/L and 665 ng/L, and they estimated average washout ratios of wet deposition as 8.97 
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× 10
5
 and 8.52 × 10
5
 for gas and particle phase, respectively. The modified sampleris very expensive 
comparing to other deposition samplers and its use need electricity. Also it is not suitable for studying 
spatial distribution of atmospheric deposition fluxes (Birgül, Tasdemir, & Cindoruk, 2011).  
D.Ollivon et al. (2002) used bulk deposition sampler to calculate the deposition fluxes at urban sites, in 
Paris, France. The monthly deposition fluxes ranged from 5.3 μg/m2 in August to 63 μg/m2 in December 
for total PAHs. In this paper, Fluoranthene and pyrene were abundant compounds in their samples. And 
they concluded that winter loading was twice higher than the summer season. They used deposition in 
urban site using European model as a basis for validation of PAH. They calculated heating contribution 
for deposition fluxes, in conclusions, annual loading of heating contribution estimated to be 41 % 
comparing vehicular traffic and industries (Ollivon, Blanchoud, Motelay-Massei, & Garban, 2002).  
Mingliang Fang et al. (2011) investigated atmospheric bulk deposition of polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs) at an industrial site in Pohang, South Korea. The bulk deposition 
fluxes were the highest ∑4-8PCDD/F (Tetra-Octa) fluxes, the ranges of deposition fluxes were 204 
pg/m
2
/d to 608 pg/m
2
/d (mean: 352 pg/m
2
/d). They concluded that seasonal variations of deposition fluxes 
are affected by temperature and gas/particle partitioning. Compared to other studies, the total deposition 
fluxes are comparable with those measured in Busan, Korea (∑4-8PCDD/Fs: 38 – 252 ng/m
2
/yr) and lower 
than polluted sites such as Tokyo, Japan (∑4-8PCDD/Fs: 160 – 3,500 ng/m
2
/yr) and Guangzhou, China 
(∑4-8PCDD/Fs: 62 – 1,095/m
2
/yr). The deposition fluxes of ∑4-8PCDD/Fs were lower than Taiwan 
(∑17PCDD/Fs: 285 – 339 ng/m
2
/yr). The results of this study were lower than other industrial urban areas. 
This study used results gas/particle partitioning increasing amount of PCDD/Fs (M. Fang et al., 2011) 
during sampling period. 
Tilman Gocht et al. (2007) studied resin deposition samplers deployed at Seebach, Lange Klinge and 
Waldstein in Gemany. Atmospheric deposition of PAHs in three sites of Germany was 200 μg/m2/yr for 
the deposition fluxes. This paper focuses on the long-term monitoring of atmospheric deposition of PAHs 
which needs validation of paper that relative roles of particle bound and gas phase concentration (Gocht et 
al., 2007).  
 Mingliang Fang et al. (2012) studied spatial distribution and seasonal variation of polychlorinated 
biphenyl (PCB) and polybrominated diphenyl ether (PBDE) using resin deposition sampler in anindustrial 
area from January 2008 to May 2009.The average deposition fluxes are 74.0, 2.1, and 41.6 ng/m
2
/d for 
∑Tri-decaPCBs (Tri-DecaCBs), ∑12PCBs (Dioxin-like PCBs) and ∑8PBDEs (8 PBDE congeners), 
respectively showing that the industrial complexes were important sources of PCBs and PBDEs. In this 
study, resin deposition samplers were deployed for the bulk deposition of PCBs and PBDEs. This study 
does not observe the seasonal variation of PCB and PBDE deposition due to precipitation. Precipitation 
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can absorb the atmospheric PCBs to be important role of deposition (M. Fang, Choi, Baek, Jin, & Chang, 
2012).   
Fatma Esen et al. (2008) investigated the bulk deposition fluxes in an industry site, Bursa, Turkey. 
Average total (Gas ± particle) PAH concentration was 300 ± 420 ng/m
3
, which ranged from 13 to 2027 
ng/m
3
. The total deposition flux of PAHs was 3,300 ± 5,100 ng/m
2
/d. Deposition of PAHs presented 
seasonal variation in the period of July 2004 – May 2005. The measured average deposition velocity was 
0.45 ± 0.35 cm/s. In this paper, atmospheric concentration and deposition fluxes of PAHs were increased 
during the winter season. It was likely due to increases in heating activities and depending on 
meteorological conditions such as decreases in atmospheric mixing layer levels, which bring out high 
PAH concentrations. They assumed that atmospheric concentrations and meteorological conditions can 
influence on bulk deposition. However, meteorological conditions did not show visible strong 
relationship with deposition fluxes (Esen, Sıddık Cindoruk, & Tasdemir, 2008).  
In summary of previous studies, deposition fluxes and deposition velocity were influenced by various 
factors such as researcher, sampling area, land use, deposition sampler, meteorological conditions, 
seasonal variations and atmospheric concentrations. And the range of deposition fluxes and deposition 
velocity was large depends on those factors. I validate the ability of deposition samplers to compare the 
fluxes and velocities of atmospheric deposition. 
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III.  Objectives of this study 
This study investigated the criteria air pollutants and meteorological conditions at the sampling sites in 
Ulsan, Korea for an assessment of the local air pollution. I collected the atmospheric PAHs of particulate 
phase and gaseous phase using high volume air sampler from May 2013 to October 2013, as well as using 
four types of deposition samplers: DDP, Velcro deposition sampler, resin deposition sampler and bulk 
deposition sampler. They were deployed near the high volume air sampler to evaluate the ability of each. 
The major objectives of this study are (1) to determine the advantages and disadvantages of deposition 
samplers through previous studies (2) to conduct field sampling and elucidate the characteristics of 
deposition samplers (3) to investigate the air quality of a sampling site in Ulsan, Korea, I researched the 
criteria for air pollutants and meteorological conditions. (4) to compare the air quality from Ulsan with 
those of previous studies (5) to compare the deposition fluxes and deposition velocities of deposition 
samplers. Ultimately, I will suggest which deposition samplers should be used for atmospheric deposition. 
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Chapter 2. Materials and Methods  
I. Sampling site 
I chose the sampling site (35°34N, 129°11E, 47 m above sea level) to collect air samples by deposition 
samplers and active sampler in Ulsan, South Korea. Ulsan is the largest industrial city in Korea; it is 
located in southern Korea and the industrial complexes are situated in the east part of Ulsan (Choi, Kwon, 
Lee, Park, & Oh, 2012). Air pollutants were emitted from various industrial facilities, automobile, and 
urban area into the atmosphere, and then this is an important issue of Ulsan. Therefore, Ulsan government 
has been conducting the air pollution monitoring networks, comprising 14 stations, to understand the air 
condition and to manage the air quality of Ulsan. These monitoring networks are controlled by the Ulsan 
Institute of Health and Environment, and those data are downloaded as file in the website, and I used 
those data to understand the air condition of the study area. Sampling site was located the rooftop of the 
building of Ulsan national institute of science and technology (UNIST) to decrease the effect of the 
disturbance from the ground by vehicles. The UNIST is a located western of the urban area and industrial 
complexes of Ulsan. In addition, natural mountains, Sinbul mountain, and an expressway, number 24, are 
located within 1 km from the UNIST. The air quality of sampling site is affected by industrial emissions 
according to the seasonal wind direction, summer season is south east and winter season is northwest. 
Therefore, pollutants emitted from industrial complex, located southeast from the sampling site, might be 
not effect to the sampling site in the winter due to the wind direction.   
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Figure 4. Location of sampling site, fourteen pollution monitoring networks, and  
nine automatic weather systems in Ulsan, South Korea 
 
II. Sampling periods 
Between May 2013 and October 2013, 24-hour assimilated air samples were collected every 7 days 
from UNIST in Ulsan, Korea. The air sampling began at 11:00 AM and ended 10:00 AM, respectively. 
Two high volume air samplers were conducted to collect the duplicate samples. Moreover, deposition 
samplers, for example, DDPs, velcro deposition samplers, resin deposition samplers, and bulk deposition 
samplers, were deployed for different period. The DDP was deployed for 7 days, and the velcro and resin 
deposition samplers were deployed for 10 days. Meanwhile, the bulk deposition sampler was deployed for 
18 days. The DDP and velcro deposition sampler were taken in the box to protect the particles when the 
rainy season. In previous studies, Bae et al. (2002) measured a dry deposition flux using the DDP with the 
leading edge on a wind vane for four days at the sampling sites (Bae et al., 2002). Eylem Demircioglu et 
al. (2011) measured a dry deposition flux using DDPs during seven days (Demircioglu, Sofuoglu, & 
Odabasi, 2011). As represented the previous studied, various sampling periods have been used depending 
on the researchers and deposition samplers. Short sampling period could not guarantee the collection of 
the sufficient deposition flux. Therefore, period is related with amount of flux, and the DDP was deployed 
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for seven days to collect the enough deposition since the sampling sites is in rural area. Holsen et al. 
(1992) used velcro deposition samplers for approximately three days (Holsen & Noll, 1992), and Lee 
(2005) deployed the velcro deposition sampler for four days. Based on the previous studied, I concluded 
that sampling periods for Velcro sampler is required over five days (J. Lee, 2005). Therefore, I deployed 
the velcro deposition sampler for 10 days to catch a particulate phase PAHs. 
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Table 3. Sampling periods from May to October. There is precipitation in sampling periods and implemented high volume air sampler 
May 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 
DDP           1     1 2     2 3     3 
Velcro           1     1 2     2 3     3 
Resin           1 2 3 
Bulk           1 2 
HiVol                                                               
Precipitation                                                               
June 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30   
DDP 3 4 5     5   5     5   6   6     6   
Velcro 3 4     4   4 5     5   5   5     5 6   
Resin 3 4 5 6   
Bulk 2 3 4   
HiVol                                                               
Precipitation                                                               
July 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 
DDP 6         7   7   8 9   9   9   9 
Velcro 6         6   6 7   7 8   8   8   8 
Resin 6 7 8 9 
Bulk 4 5 
HiVol                                                               
Precipitation                                                               
August 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 
DDP   10     10   10 11 12         12       
Velcro   8     9   9 10         11       
Resin 9 10 11 12 
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Bulk 5 6 7 
HiVol                                                               
Precipitation                                                               
September 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30   
DDP 12 13     13 14   14   14 15   15   15 16       
Velcro 11     12   12   12 13   13   13 14       
Resin 12 13 14 15   
Bulk 7 8 9   
HiVol                                                               
Precipitation                                                               
October 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 
DDP 16   16             16     17   17         17   17       
Velcro 14   14             14     14 15   15         15   15       
Resin 15 16 17                   
Bulk 9                   
HiVol                                                               
Precipitation                                                               
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Table 4. Each deposition sampler (Dry deposition plate, velcro deposition sampler, resin deposition 
sampler, bulk deposition sampler) of sampling period from May to October  
DDP 
Sampling 
periods 
Velcro 
Sampling  
periods 
Resin 
Sampling  
periods 
Bulk 
Sampling  
periods 
HiVol 
Sampling  
periods 
HiVol 
Sampling  
periods 
D1 
05/06-
05/14 
V1 
05/06-
05/15 
R1 
05/06-
05/15 
B1 
05/06-
05/30 
H1 
05/06-
05/07 
H18 
09/02-
09/03 
D2 
05/15-
05/23 
V2 
05/16-
05/25 
R2 
05/16-
05/25 
B2 
05/31-
06/24 
H2 
05/13-
05/14 
H19 
09/09-
09/10 
D3 
05/24-
06/01 
V3 
05/26-
06/04 
R3 
05/26-
06/04 
B3 
06/25-
07/19 
H3 
05/20-
05/21 
H20 
09/16-
09/17 
D4 
06/02-
06/08 
V4 
06/05-
06/15 
R4 
06/05-
06/14 
B4 
07/20-
08/13 
H4 
05/27-
05/28 
H21 
09/23-
09/24 
D5 
06/09-
06/20 
V5 
06/16-
06/29 
R5 
06/15-
06/24 
B5 
08/14-
09/06 
H5 
06/03-
06/04 
H22 
09/30-
10/01 
D6 
06/22-
07/01 
V6 
06/30-
07/12 
R6 
06/25-
07/04 
B6 
09/07-
10/02 
H6 
06/10-
06/11 
H23 
10/07-
10/08 
D7 
07/06-
07/13 
V7 
07/13-
07/21 
R7 
07/05-
07/14 
B7 
10/03-
10/25 
H7 
06/17-
06/18 
H24 
10/14-
10/15 
D8 
07/15-
07/21 
V8 
07/22-
08/02 
R8 
07/15-
07/24 
    H8 
06/24-
06/25 
H25 
10/21-
10/22 
D9 
07/22-
07/31 
V9 
08/05-
08/13 
R9 
07/25-
08/03 
    H9 
07/01-
07/02 
H26 
10/28-
10/29 
D10 
08/02-
08/11 
V10 
08/14-
08/21 
R10 
08/04-
08/13 
    H10 
07/08-
07/09 
    
D11 
08/12-
08/18 
V11 
08/26-
09/05 
R11 
08/14-
08/23 
    H11 
07/15-
07/16 
    
D12 
08/19-
09/01 
V12 
09/08-09-
17 
R12 
08/24-
09/02 
    H12 
07/22-
07/23 
    
D13 
09/02-
09/09 
V13 
09/18-
09/27 
R13 
09/03-
09/12 
    H13 
07/29-07-
30 
    
D14 
09/10-
09/17 
V14 
09/28-
10/16 
R14 
09/13-
09/22 
    H14 
08/05-
08/06 
    
D15 
09/18-
09/27 
V15 
10/17-
10/28 
R15 
09/23-
10/02 
    H15 
08/12-
08/13 
    
D16 09/28-     R16 10/03-     H16 08/19-     
  
35 
 
  
10/16 10/12 08/20 
D17 
10/17-
10/28 
    R17 
10/13-
10/22 
    H17 
08/26-
08/27 
    
 
Blue: Spring season, Green: summer season, Red: fall season. 
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III. Meteorological conditions and criteria air pollutants 
The Korea meteorological administration has been conducting the nine automatic weather stations 
(AWS) to measure a meteorological conditions in Ulsan. However, there is not AWS nearby UNIST. 
Thus, meteorological conditions data were obtained Bukjung and Sangbuk AWS since those were 
located within 11 km and 7 km from sampling site, respectively. 
Meteorological sites provided a ground weather data for Bukjung (35°33N, 129°19E), Sangbuk 
(35°34N, 129°05E), and Samdong (35°28N, 129°07E), at elevations of 35 m, 124 m, and 160 m, 
respectively. I investigated the seasonal (Spring: May, summer: June-August, fall: September-October) 
variation of the meteorological conditions during sampling periods. It could be that meteorological 
conditions are different for mountain/coastal area due to complex factors related to the interior/coast. 
Choi et al. (2012) mentioned that the meteorological point of Bukjung may be representative of 
meteorological conditions in Ulsan. In the interior area of Ulsan, a seasonal wind effect predominated, 
and the wind direction was similar between residential and industrial areas. As a result, the researchers 
determined that data from Bukjung are representative meteorological data characterizing atmospheric 
pollutants moving into residential areas from industrial ones. I investigated the criteria air pollutants, CO, 
O3, NO2, SO2, and PM10, which are measured by the Ulsan institute health and environment. The data 
examined were used for correlation analysis to understand between PAHs and criteria air pollutants 
during sampling periods since those has similar sources (Choi, Kwon, et al., 2012). 
The Ulsan Institute of Health and Environment has been operating the 14 air monitoring networks as 
follow: Nongso (129°21E, 35°37N), Hyomun (129°22E, 35°33N), Seongnam (120°19E, 35°33N), 
Mugeo (129°15E, 35°33N), Samsan (129°19E, 35°32N), Singjeong Ⅰ(129°18E, 35°32N), Singjeong Ⅱ 
(129°18E, 35°31N), Yaeum (129°19E, 35°31N), Yeochoen (129°21E, 35°30N), Daesong (129°24E, 
35°30N), Bugok (129°20E, 35°29N), Samnam (129°18E, 35°29N), Deoksin (129°18E, 35°26N), and 
Hwasan (129°20E, 35°26N). These monitoring networks can classified into the residential, industrial, 
and  commercial area. Residential sites include Samsan, SinjeongⅠ, Yaeum, Daesong, Samnam, and 
Deoksin. Industrial sites are Yeochoen, Bugok, and Hwasin. Nongso, Seongnam, and Mugeo represent 
commercial land use. I used the air pollution monitoring networks data from Samnam and Mugeo, which 
are the nearest monitoring networks, to understand the air condition of sampling site since air pollution 
monitoring networks is not nearby UNIST. 
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IV. Target compounds: Polycyclic aromatic hydrocarbons (PAHs) 
The 16 PAHs were listed as priority pollutants by the US environmental protection agency, and those are 
required the air monitoring due to the carcinogenic effect. These compounds are naphthalene (Nap), 
acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), Phe, Ant, Flt, Pyr, benzo(a)anthracene (BaA), 
chrysene (Chr), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), 
indeno(1,2,3-cd)pyrene (Ind), dibenz(a,h)anthracene (DahA), and benzo(ghi)perylene (BghiP). Among 16 
PAHs, three compounds were excepted, Nap, Acy, and Ace. Because they are mainly in the gaseous 
phase due to more volatile and low vapor pressure. PAHs are important compounds of semi-volatile 
organic compounds (SVOCs) (Hoff et al., 1996), which are distributed between gas and particles in the 
air (Gustafson & Dickhut, 1997). Intermediate PAHs such as Phe, Ant, and Pyr are found in both the 
gaseous phase and particulate phase. Therefore, I focused on the thirteens PAHs in the air as target 
compounds.  
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V. Samplers 
5.1 Active air sampler 
The high volume air sampler collected particulate and gaseous PAHs for 24 hours at seventh day from 
May 2013 to October 2013. I obtained duplicate samples, therefore, the total sample number is 52. The 
sampling method and analysis were referenced from previous studies (Ji Yi Lee, Kim, Kang, Ghim, & 
Kaneyasu, 2006; Park, Kim, & Kang, 2002). The high volume air samplers were operated that operating 
flow is 700 L/min, and the total volume was about 1,000 m
3
. Particulate PAHs were collected on glass 
fiber filters (GFFs, 20.3 × 25.4 cm, Whatman, United states), and gaseous PAHs were collected on 
polyurethane foam (PUF, 4.5 cm radius × 5 cm height). It is possible to have positive or negative 
sampling artifacts due to gas/particle partitioning. A positive artifact means that gaseous compounds 
attach to the GFF. Meanwhile, a negative artifact occurs via the volatilization of collected particulate 
compounds. Organic compounds such as PAHs can also exhibit sampling artifacts (Schauer, Niessner, & 
Pöschl, 2003). Therefore, I used two PUF a high volume sampler to protect the positive artifact when I 
operated.  
 
Figure 5. High volume air sampler to collect both particulate PAHs and gaseous PAHs 
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5.2 Deposition sampler 
5.2.1 Dry deposition sampler 
Dry deposition flux and velocity were measured by DDP which created laminar flow on the surface with 
a sharp leading edge and a smooth surface. The plate used deposition study to resemble wind tunnel 
research (Noll et al., 1988). It consisted of PVC (22 cm length × 9.0 cm width × 0.5 cm height) and wind 
vane (18 cm × 20.4 cm). The Mylar strip on the surface of the deposition sampler was coated with grease 
(Amazon, USA) to collect particulate and gaseous PAHs. The grease is suitable for use to calculate the 
deposition flux of PAHs due to the low vapor pressure and high molecular weight of grease. Before being 
placed on the surface of the deposition plate, the Mylar strip was washed using deionized water, acetone 
(ACE), and hexane (HX) with sonication for 30 min to remove the dust or organic compounds. Dry 
deposition can be characterized by the deposition velocity V (cm/s), which is the ratio between the dry 
deposition flux of PAHs, Flux (μg/m2/d), and ambient PAH concentrations, C (ng/m3), as follows: 
Deposition flux (ug/m
2
/d) = PAH concentration in air (ng/m
3
) × Deposition velocity (cm/s) 
The reported deposition velocity vary widely, possibly due to the spatial variation (urban and non-urban 
areas), seasonal variations (winter and summer months), surface type differences, or experimental 
uncertainties.  
 
 
Figure 6. Scheme for the structure of dry deposition plate 
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5.2.2 Velcro deposition plate 
Velcro deposition plate consists of impaction disk, DDP holder, and stanchion, and was designed 
aerodynamically to make the laminar flow on the surface. The diameter of plate is 40 cm included 12 
filter holders. The shape of velcro deposition sampler was circular and rounded by the leading edge (< 
10°). The shape had better aerodynamic characteristics comparing to the DDP. I used velcro filters 
(Velcro USA Inc.) positioned and fixed on the surface of the sampler (Figure 7). 
 
 
Figure 7. Scheme for the structure of velcro deposition sampler 
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5.2.3 Resin deposition sampler 
The resin deposition sampler consists of a glass funnel and adsorption such as a resin and glass bottle. 
Particulate and gaseous PAHs were collected on the resin deposition sampler via dry and wet deposition 
with adsorption using an Amberlite IRA-743. The amount of each resin was about 15 g as adsorbent, 
which was located on top of the sampler and fixed with glass wool. During deposition sampling, the 
sampler was placed in a polystyrene box. The sampling periods were about 10 days; the resin was 
replaced with new resin washed using ACE and DCM with sonication to remove the organic compounds. 
It was then stored in an furnace during 24 hours at 30°C. 
 
 
 
Figure 8. Scheme for the structure of resin deposition sampler 
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5.2.4 Bulk deposition sampler 
Deionized water was used as a surrogate surface in the bulk deposition sampler, was filled up until the 
half the height of a stainless bottle whose diameter and depth were 15 cm and 20 cm, respectively. The 
diameter of the opening was 8 cm, and the sampler is depicted in Figure 9. The bulk deposition sampler 
was located next to the high volume air sampler presented in this study (Esen et al., 2008). 
 
 
 
Figure 9. Scheme for the structure of bulk deposition sampler 
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VI. Pretreatment 
6.1 Active air samples 
Collected samples in GFF and PUF of the high volume air sampler were extracted during 24 hour in an 
soxhlet with 350 mL of mixture (Hexane (HX): Acetone(ACE) = 9:1, v/v). Prior to the extraction, 
surrogate standards (Naphthalene-d8, Acenaphthene-d10, Phenanthrene-d10, Chrysene-d12, and Perylene-d12) 
were spiked to GFF and PUF solvent to quantify and identify the recovery. These extracts were poured to 
bottle which is adjustable to concentration for using evaporator (Zymark, Turbo-vap 500) until one mL at 
30-40°C. The hexane 20 mL was more added to exchange the solvent. The each sample re-concentrated 
until 10 mL by nitrogen evaporator (MGS-2200 Eyela, Japan). The concentrated samples were clean-up 
by Silica-gel column. For clean-up procedure, anhydrous sodium sulfate was activated in 130°C during 
over four hours. Also silica-gel was stored in oven (130°C) for activation during four hours.  The two mL 
among the sample 10 mL was passed out anhydrous sodium sulfate 2 g, silica-gel 5g, and anhydrous 
sodium sulfate 2 g. The silica-gel column has removed bubble and packed by hexane. The hexane 20 mL 
was pass through a column (Waste), and then mixture 70 mL as hexane : dichloromethane (DCM) = 9:1, 
v/v) was eluted as second fraction. The elution was evaporated with nitrogen evaporator until 200 uL, 
poured to insert vial for instrumental analysis. Prior to the instrumental analysis, I added the internal 
standard (p-terphenyl-d14). 
 
 
 
Figure 10. Analytical procedures of polycyclic aromatic hydrocarbons 
Soxhlet / Funnel shaker
Extraction
Concentration
N2 concentrator
Instrumental analysis
Gas chromatograph
/Mass spectrometer
Concentration
Turbo Vap / N2-concentrator
Clean-up
Silica/Alumina
/Sodium sulfate
Qualification/Quantification
QA/QC
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6.2 Deposition samples 
6.2.1 Dry deposition sample 
For DDP samples, greased strips were extracted with a mixture of petroleum ether (PE): ether (= 4:1, 
v/v) for 24 hours and were then concentrated using an evaporator (Zymark, Turbo-vap 500) at 40°C until 
they reached one mL. Prior to the extraction, surrogate standards (Nap-d8, Ace-d10, Phenanthrene-d10, 
Chr-d12, and Perylene-d12) were spiked and the solvent was exchanged with HX 20 mL. The solvent was 
blown down until 10 mL for the clean-up procedure. Samples were cleaned up and fractionated with an 
alumina-silicic acid column. Two mL of the samples were passed out of the alumina-silicic acid column, 
which was packed by adding 5 g of the deactivated silica gel, 2 g of deactivated alumina, and 2 g of 
deactivated anhydrous sodium sulfate. The first fraction was HX 20 mL (waste), and then the second 
fraction was eluted the mixture of 70 mL (HX:DCM = 9:1, v/v). The eluted solutions were blown down 
with nitrogen evaporator until 200 uL and poured into the inserted vial for instrumental analysis. Before 
this analysis, the internal standard was added (p-terphenyl-d14). 
 
6.2.2 Velcro deposition sample 
Dry deposition samples collected by the velcro deposition sampler were extracted for 24 hours in a 
Soxhlet with 350 mL of mixture (HX:ACE = 9:1, v/v). Before extraction, surrogate standards (Nap-d8, 
Ace-d10, Phenanthrene-d10, Chr-d12, and Perylene-d12) were spiked to quantify and identify the recovery. 
These extracts were poured to bottle which is adjustable to concentration for use in an evaporator 
(Zymark, Turbo-vap 500) until 1 mL at 40°C. Then, for solvent exchange, 20 mL of HX was added to 
the samples. Each sample was re-concentrated until 10 mL using a nitrogen evaporator (MGS-2200 
Eyela, Japan). The concentrated samples were purified using a silica-gel column. For the clean-up 
procedure, anhydrous sodium sulfate was activated at 130°C over 4 hours. Furthermore, the silica gel 
was stored in an oven (130°C) for 4 hours to activate it. Two milliliters from the 10 mL sample were 
passed out through 2 g of anhydrous sodium sulfate, 5 g of silica gel, and 2 g anhydrous sodium sulfate 
to remove any bubbles from the silica-gel column, and then packed with HX. I input the 20 mL of HX 
(waste) for second fraction and input mixture 70 mL of HX: DCM = 9:1, v/v. The eluted solutions were 
blown down with a nitrogen evaporator until they reached 200 uL, and poured into the inserted vial for 
instrumental analysis. Before instrumental analysis, I added 100 ng of the internal standard (p-terphenyl-
d14). 
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6.1.2.3 Resin deposition sample 
Resin deposition samples collected on the XAD-2 resins were extracted for 24 hours in a Soxhlet with a 
mixture of 9:1 HX:ACE. Prior to extraction, all samples were added with surrogate standards to identify 
their recovery efficiencies. The extracts were transferred to a vessel and concentrated until 1 mL using an 
evaporator (Zymark, Turbo-vap 500) and a high purity nitrogen stream. The extracts were exchanged to 
HX 20 mL and then re-concentrated with an evaporator until they reached 1 mL. After concentration, the 
samples were cleaned up using 2 g of anhydrous sodium sulfate, 5 g of silica gel, and 2 g of anhydrous 
sodium sulfate with resin deposition samples32. I added the 20 mL HX for the first fraction (waste), and 
then added a 70 mL mixture of HX:DCM = 9:1, v/v. The eluted solutions were blown with a nitrogen 
evaporator until 200 uL and poured into the inserted vial for instrumental analysis. Before instrumental 
analysis, I added 100 ng of the internal standard (p-terphenyl-d14). 
 
6.1.2.4 Bulk deposition sample 
The material for bulk deposition samples are different from the types used for DDP, velcro, and resin. 
Water is extracted such as through liquid-liquid extraction with DCM and methanol. Here, a liquid-liquid 
solution was extracted three times to remove the methanol. To extract the bulk samples, water samples 
were extracted using a funnel instrument. Before extraction, I added the surrogate standards to identify 
the recovery efficiencies. The extracted samples were concentrated by Turbo-vap (Zymark, Turbo-vap 
500) and a high nitrogen stream. The extracts were exchanged to HX 20 mL and then re-concentrated 
with an evaporator until 1 mL. The samples were cleaned up using 2 g of anhydrous sodium sulfate, 5 g 
of silica gel, and 2 g of anhydrous sodium. I added the 20 mL of HX (waste) and then added a 70 mL 
mixture of HX:DCM = 9:1, v/v. The eluted solutions were blown with a nitrogen evaporator until they 
reached 200 uL and then poured into the inserted vial for instrumental analysis. Before instrumental 
analysis, I added 100 ng of the internal standard (p-terphenyl-d14). 
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6.3. Instrumental analysis 
In this instrumental analysis, Gas chromatograph/mass spectrometer (GC/MS, Agilent 7890N/5975C, 
USA) was used. Separation of PAHs was implemented by DB-5MS, 30 m × 0.25 mm with a 0.25 μm 
thickness. Helium was used for the carrier gas and operated at 1.00 mL/min. The injection volume was 1 
μL of each sample injected into GC/MS. PAHs were detected in selective ion monitoring (SIM) mode. 
The electron ionization (EI) mode was used for ionization in GC/MS. Table 5. shows the detailed GC/MS 
conditions. 
.   
 
 
Figure 11. Gas chromatograph/mass spectrometer 
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Figure 12. Chromatogram for 16 PAHs  
 
 
 
Table 5. Gas chromatograph/mass spectrometer conditions for polycyclic aromatic hydrocarbons 
 Conditions 
Column DB-5MS 30 m length, 0.25 mm inner diameter, 0.25 μm thickness 
Oven conditions 70˚C (1 min) → 10˚C/min → 240˚C (0 min)→ 5˚C/min → 300˚C (5 min) 
Carrier Helium (99.9999 %), 1.00 mL/min 
Ion source temp 250 
Injector 250 
Transfer line temp 250 
Injection mode Splitless mode, 1 μL 
Ionization mode EI mode 
 
 
 
 
 
  
48 
 
  
Table 6. Gas chromatograph/mass spectrometer for target ions and qualifier ions to analyze 
 16 PAHs Target ion Qualifier ion 
Target compounds 
Fluorene 166 165 
Phenanthrene 178 176 
Anthracene 178 179 
Fluornathene 202 203 
Pyrene 202 203 
Benzo[a]anthracene 228 226 
Chrysene 228 226 
Benzo[b]fluoranthene 252 253 
Benzo[k]fluoranthene 252 253 
Benzo[a]pyrene 252 253 
Indeno[1,2,3-cd]pyrene 276 277 
Dibenz[a,h]anthracene 278 279 
Benzo[ghi]perylene 276 277 
Surrogate standard 
Naphthalene-d8 136 137 
Acenaphthene-d10 162 164 
Phenanthrene-d10 188 189 
Chrysene-d12 240 236 
Perylene-d12 264 260 
Internal standard p-Terphenyl-d14 244 245 
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6.4. QA/QC 
For quality assurance/quality control, I used the solvent as pesticide residue analysis (PRA) grade which 
calculated the instrumental detection limit (IDL). Before analytical procedures, I washed glass ware to 
sonication with soap and rinsed with de-ionizated water. The glassware stored in 100 °C oven over four 
hours to remove the water and then glass ware rised with acetone and hexane to remove the water and 
organic compounds. When I collecting the sample, I used field blanks for PUF, GFF. The concentration 
of field blank was less than 1 % of samples. Three deuterated PAHs (Phe-d10, Chr-d12 and Per-d12) were 
spiked into the sample materials such as PUF, GFF, resin, Mylar strip, velcro and Bulk sample. Prior to 
extraction, I checked the recoveries. Average recoveries for PUF were 56.41 % for phe-d10, 66.05 % for 
Chr-d12, 87.49 % for per-d12. Average recoveries for GFF were 54.88 % for Phe-d10, 60.83 % for Chr-d12, 
80.93 % for per-d12. Recoveries of the velcro deposition sampler were 46.25 % for Phe-d10, 42.86 % for 
Chr-d12, 65.33 % for per-d12. Average surrogate recoveries for DDP samples were 74.88 % for Phe-d10, 
89.39 % for Chr-d12, 68.22 % for per-d12. The case of resin deposition sampler were represented a 
recovery as 44.09 % for Phe-d10, 56.50 % for Chr-d12, 77.96 % for per-d12. Average surrogate recoveries 
for bulk deposition sampler were 34.50 % for Phe-d10, 52.06 % for Chr-d12, 77.70 % for per-d12. In 
addition, I analyzed the lab blank at each batch and also calculated the IDL that data was corrected (n = 7) 
and Limit of quantification (LOQ) for average values. IDLs and LOQs were calculated using the below 
equation. 
IDL = student’s t value  × SD 
LOQ = SD × 10 
Where student’s t value and is the standard deviation of seven replicates of the IDL standard and limit of 
quantifications (LOQs) were calculated with SD times 10. However, I did not consider the level of IDL 
and LOQ to calculate the sample concentration.  
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Table 7. Instrumental detection limits and limit of quantification 
16 PAHs CS1 CS2 CS3 CS4 CS5 CS6 CS7 Avg Stdev IDL LOQ 
IDL 
 (ng/m
3
) 
Flu 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.000 0.000 0.002 
Phe 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.000 0.000 0.001 
Ant 0.018 0.018 0.018 0.018 0.019 0.019 0.018 0.018 0.000 0.001 0.002 
Flt 0.017 0.017 0.017 0.017 0.016 0.017 0.017 0.017 0.000 0.000 0.001 
Pyr 0.017 0.016 0.017 0.016 0.016 0.017 0.017 0.017 0.000 0.000 0.002 
BaA 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.000 0.000 0.001 
Chr 0.017 0.017 0.017 0.017 0.017 0.017 0.018 0.017 0.000 0.000 0.001 
BbF 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.000 0.000 0.002 
BkF 0.017 0.017 0.017 0.016 0.017 0.017 0.017 0.017 0.000 0.001 0.003 
BaP 0.018 0.018 0.018 0.019 0.018 0.018 0.019 0.018 0.000 0.001 0.003 
Ind 0.020 0.019 0.019 0.019 0.019 0.020 0.020 0.019 0.000 0.001 0.003 
DahA 0.019 0.018 0.018 0.019 0.018 0.019 0.018 0.018 0.001 0.002 0.005 
BghiP 0.018 0.018 0.018 0.018 0.017 0.018 0.018 0.018 0.000 0.001 0.003 
Sum 0.283 0.281 0.280 0.281 0.280 0.282 0.281 0.281 0.001 0.003 0.009 
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Chapter 3. Results and discussion 
I. Levels and patterns of criteria air pollutants and meteorological conditions  
The Figure 13 shows the seasonal variations of wind direction at meteorological stations during 
sampling periods comparing two meteorological stations. Here, two meteorological stations can be 
compared. Considering the relatively low wind speed, active air sampling was determined to have been 
appropriate for active air. The wind pattern in summer seems to be quite important for the source-receptor 
relationship of air pollutants in Ulsan.  
As shown in the wind-rose diagram, summer winds were widespread over the sampling periods (May –
October 2013). Because the industrial complexes are placed on the eastern side of Ulsan, air pollutants for 
PAHs and specific air pollutants created through industrial activities will likely circulate to the rural, 
urban, and sampling sites due to the increased consumption of fossil fuels in winter; air pollutants with 
PAH concentrations are commonly more prevalent in winter than in summer. Taking into consideration 
this phenomenon, the wind direction in Ulsan affects the levels of PAHs and air pollutants in this city. 
 
Figure 13. Seasonal wind direction of meteorological stations as Sangbuk and Bukjung 
As shown in the wind-rose diagram, southern winds were dominating at Sangbuk and were 
predominating northwestern winds during the sampling periods. The UNIST is located on the eastern 
from Sangbuk and western from Bukjung. In the spring season, air pollutants in UNIST were influenced 
from atmospheric concentration at Sangbuk owing to seasonal wind pattern and were affected from 
bukjung during fall due to seasonal wind pattern. There are different wind-rose direction between 
Total Spring
Summer Fall
Total Spring
Summer Fall
(a) Sangbuk (b) Bukjung
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Sangbuk and Bukjung because Bukjung is located in front of mountains. And seasonal wind road was 
blocked with mountains. Therefore, seasonal wind pattern is important to identify air pollutants in Ulsan.  
Table 8. shows the meteorological conditions of Sangbuk and Bukjung. Average temperature was 
22.72 °C and 23.76 °C at the Sangbuk and Bukjung. Average humidity was 62.09 % and 66.86 % at the 
Sangbuk and Bukjung. Wind speed was 1.33 m/s and 2.19 m/s at the Sangbuk and Bukjung. I assumed 
the sampling was implemented under mild weather conditions. During sampling period, total rainfall was 
4.79 mm and 3.47 mm at the Sangbuk and Bukjung. Although the amout of rainfall was small, the 
concentration of particulate PAHs and PM10 decreased due to the rainfall.    
 
 
Table 8. Meteorological conditions during sampling periods 
  Sangbuk Bukjung 
Sampling 
periods 
Temp 
(C°) 
Precipitat
ion (mm) 
Humidity 
(%) 
Wind 
direction 
(°) 
Wind 
speed 
(m/s) 
Temp 
(C°) 
Precipitat
ion (mm) 
Humidity 
(%) 
Wind 
direction 
(°) 
Wind 
speed 
(m/s) 
05/07 18.22 0.00 47.00 222.16 1.96 17.91 0.00 50.21 113.51 2.29 
05/14 21.33 0.00 41.13 165.96 1.40 21.16 0.00 54.25 166.50 1.35 
05/21 19.76 0.00 49.75 235.58 1.94 20.35 0.00 53.83 188.25 1.82 
05/28 18.57 4.79 80.38 117.84 1.58 19.18 3.29 86.58 211.65 2.71 
06/04 20.10 0.00 52.83 192.15 1.03 20.47 0.00 61.21 209.41 1.47 
06/11 20.53 0.00 64.33 119.50 1.30 20.78 0.00 70.79 92.43 1.75 
06/18 26.02 0.00 60.54 168.74 1.59 26.65 0.00 63.58 196.92 1.87 
06/25 22.65 0.00 68.71 162.06 0.65 23.48 0.00 71.08 182.38 1.54 
07/02 24.86 0.00 70.25 156.28 1.77 25.54 0.00 74.88 258.58 2.73 
07/09 28.10 0.00 57.67 215.21 2.78 28.63 0.00 62.88 298.44 4.57 
07/16 26.15 0.00 65.64 203.49 1.51 27.52 0.00 66.92 295.27 2.73 
07/23 28.67 0.00 58.33 212.30 1.81 29.35 0.00 59.50 300.95 3.12 
07/30 28.30 0.00 65.21 190.75 1.34 29.70 0.00 64.79 237.63 2.08 
08/06 29.21 0.00 60.21 213.30 1.29 30.45 0.00 64.96 246.73 2.08 
08/13 29.85 0.00 58.25 191.65 0.81 31.18 0.00 57.25 198.46 2.24 
08/20 30.78 0.00 57.67 166.07 1.36 31.93 0.00 60.75 154.99 2.17 
08/27 24.33 0.00 63.71 183.80 0.76 25.85 0.00 65.38 230.91 1.67 
09/03 22.12 0.00 68.13 159.60 0.93 23.72 0.00 70.50 185.44 2.71 
09/10 19.90 0.00 65.38 187.76 0.94 22.86 0.00 72.83 174.14 1.57 
09/17 19.90 0.00 65.38 187.76 0.94 21.48 0.00 67.63 184.48 2.16 
09/24 20.92 0.00 67.92 177.52 0.75 22.25 0.00 73.92 197.40 1.95 
10/01 21.44 0.00 67.52 138.02 1.32 22.11 0.00 77.91 148.29 2.32 
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10/08 21.80 0.10 79.29 86.34 1.08 23.05 0.18 86.54 96.53 1.95 
10/15 18.70 0.00 67.75 219.16 0.75 20.00 0.00 76.46 207.44 1.56 
10/22 16.47 0.00 55.78 206.17 2.12 17.32 0.00 65.91 163.96 3.39 
10/29 12.04 0.00 55.63 155.95 0.95 14.88 0.00 57.83 232.94 1.19 
 
Figures 14 and 15 show the temporal variation of specific air pollutants such as PM10, SO2, NO2, O3, and 
CO. I investigated determined that Mugeo and Samnam are close to UNIST. The range of CO 
concentrations was 0.2 – 0.7 ppm (Mean: 0.3 ppm) in Samnam and 0.2 – 0.7 ppm (Mean: 0.4 ppm) in 
Mugeo. CO is emitted from residential heating, industrial processes, and vehicles. There are annual 
emissions of a fixed amount due to industry and vehicles. It is possible that the gap between spring and 
summer is not large. 
The range of SO2 was 1.3 – 9.9 ppb (Mean: 3.8 ppb) in Samnam and 3.4 – 15.0 ppb (Mean: 6.8 ppb) in 
Mugeo. The variations of SO2 were larger than can be expressed for seasonal variations. However, the 
levels of SO2 in Samnam and Mugeo were high because Mugeo is more influenced by vehicles and has 
more urban characteristics. The range of NO2 was 6.7 – 21.9 ppb (Mean: 12.6 ppb) in Samnam and 4.7 – 
43.1 ppb (Mean: 24.0 ppb) in Mugeo. The range of O3 was 14.1 – 63.9 ppb (Mean: 34.0 ppb) in Samnam 
and 13.5 – 60.5 ppb (Mean: 27.4 ppb) in Mugeo. The range of PM10 was 15.1 – 57.1 μg/m
3
 (Mean: 30.9 
μg/m3) in Samnam and 14.6 – 74.8 μg/m3 (Mean: 38.4 μg/m3) in Mugeo. In terms of the levels of 
significant air pollutants at the sampling site, UNIST is assumed to be between Samnam and Mugeo, 
because the UNIST sampling site is affected by both urban and rural areas. Moreover, the patterns of air 
pollutants for Samnam and Mugeo were similar; therefore, the levels and patterns of criteria air pollutants 
were middling at UNIST (Y.-S. Lee et al., 2011). 
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Figure 14. Comparison of criteria air pollutants in PM10, SO2, NO2, O3, and CO collected 
at the Mugeo and Samnam 
 
 
Figure 15. Comparison of each compounds collected at the Samnam and Mugeo 
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In considering pollution rises and wind directions, I compared Sangbuk and Bukjung using AWSs to 
determine the influenced of the air quality of UNIST in relation to Sangbuk and Bukjung. Bukjung has 
more pollution sources, such as vehicles. In terms of the level of SO2, UNIST is more affected by 
Bukjung. If the wind direction is westerly, it can influence UNIST. Figure 16 shows the effects of the rise 
of significant air pollutants. It can be observed that SO2 concentrations affect the sampling site from 
Bukjung, which has a significant effect on the sampling site. In addition, the NO2 concentration shows a 
similar pattern to SO2. On the other hand, the Sangbuk PM10 concentration has a greater effect on the 
sampling site. These results are caused by the land use in Ulsan. 
 
 
Figure 16. Pollution roses of SO2, NO2, and PM10 during the sampling periods collected at the  
Sangbuk and Bukjung 
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II. PAH concentrations in ambient air 
2.1 Seasonal variations of PAH concentrations 
The PAH concentration was determined in air using a high volume air sampler. I collected information 
on the 13 PAHs specified above. In totally, I collected particulate and gaseous PAH data in duplicate on 
26 occasions. The seasonal variation of the PAH concentration is shown in Figure 17. The average PAH 
concentration in air for ambient total PAHs was 5.91 ng/m
3
 with a range of 1.95 ng/m
3
 to 9.84 ng/m
3
. In 
addition, Figure 17 shows that the total concentration of PAHs increased in spring (H1 – H4). The total 
concentration of PAHs decreased in summer (H5 – H17), however, the concentration of PAHs was higher 
in fall (H18 – H26) than summer (Fernández, Grimalt, & Vilanova, 2002; Gigliotti, Dachs, Nelson, 
Brunciak, & Eisenreich, 2000; Halsall et al., 1997). Since the variation in the concentration of PAHs was 
not large, the frequent distribution of the total concentration between gaseous and particulate PAHs was 
investigated to identify the variations in concentration (Figure 18). The gaseous phase was over 
approximately the 60% in air samples. Generally, 3 – 4 benzene rings were found in air samples, which is 
the usual pattern for air. In particular, the seasonal variation of between the gaseous and particulate phases 
was not large. 
   
 
Figure 17. Seasonal variations of total concentration of PAHs (gaseous PAHs + particulate PAHs) 
and gas/particle fractions.  
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Figure 18. Fraction benzene rings of atmospheric PAHs 
 
 
2.2 Individual PAH concentrations  
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13 PAHs were detected in the particulate phase. In the gaseous phase, Flu, Phe, Ant, Flt, Pyr, BaA, and 
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than HMWPs, and are more prevalent in the gaseous phase. On the other hand HMWPs are preferred in 
particulate PAHs due to their low vapor pressures. Thus, the individual PAHs were distributed as given in 
Fig. 19. 
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Figure 19. Individual PAHs according to gaseous PAHs and particulate PAHs and  
fraction of gas/particle 
 
 
Figure 20. Concentration of gaseous PAHs and particulate PAHs 
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2.3 Source identifications of PAHs 
The pattern of atmospheric PAHs should be used to determine source identification, because this is 
directly affected by the emission sources. In this study, the profiles of PAHs at the sampling site were 
used as foundational data for the diagnostic ratios (Tobiszewski & Namieśnik, 2012).  
The diagnostic ratios were determined for the source identification of PAH emission sources in air 
(Ravindra, Sokhi, & Van Grieken, 2008) however, diagnostic ratios can change during long-range 
transport, gas/particle partitioning, and the deposition of PAHs, thereby exhibiting different 
characteristics from those of the emission sources (Zhang et al., 2005). However, in this study, it was 
determined that the diagnostic ratio should not be significantly limited. Considering our study diagnostic 
ratio was used to distinguish coal biomass burning of petroleum combustion. According to the diagnostic 
ratio of scatter plot of this study, Flt/(Flt + Pyr) ratio is important to suitable for this study. The Flt / (Flt + 
Pyr) ratio seems to be more conservative ratio among the diagnostic ratios. The atmospheric samples were 
more affected by coal/biomass burning, respecting the industrial characteristics of study area. Choi et al. 
(2012) demonstrate that the diagnostic ratios of PAHs also implied the affection of the industrial 
complexes. However in this study, the sources of PAHs in air observed coal/biomass burning. In the 
previous study, Kwon et al. (2014) suggest that the source of PAHs was coal biomass burning for PAHs. 
This result indicates that total PAHs were likely to be influenced by various sources such as long-range 
transport or strong emissions from coal/biomass burning in northern China (Kwon & Choi, 2014). 
 
 
Figure 21. Scatter plot of Flt/(Flt + Pyr) for the atmospheric PAHs.
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2.4 Correlation among target compounds 
I implemented correlation analysis using IBM SPSS 18 for the sum of the PAHs and significant air pollutants in Samnam and Mugeo. Gaseous 
PAHs were correlated with total PAHs which is more affected total PAHs and gaseous PAHs. The air pollutants between Samnam and Mugeo 
were correlated for the sampling periods. I investigated that the correlation analysis for 13 PAHs and criteria air pollutants at Samnam and 
Mugeo. The results of correlation analysis for 13 PAHs and criteria air pollutants, there was few or no correlation with PAHs and criteria air 
pollutants.  Jung. et al (2013) demonstrated that the results of correlation analysis for atmospheric PAHs, PAHs in air related to NO2 and PM2.5.  
In terms of Samnam, SO2 was correlated with NO2, O3, and PM10, not correlated with CO. This is assumed to stem from the characteristics of the 
air pollutants. On the other hand, at Mugeo, SO2 was correlated with NO2, CO, and PM10, however, not O3. Generally, SO2 and NO2 have similar 
sources in air. Moreover, it was possible to correlate PAHs in air with SO2 in previous studies. However, in this paper, there was not correlation 
between PAHs and criteria air pollutants. I assumed that correlation analysis of this study was limited to difference between PAH sampling site 
and criteria air pollutants (Jung et al., 2013).  
 
 
Table 9. Pearson correlation matrix of PAHs, criteria air pollutants collected at the Samnam and Mugeo 
 
gPAH pPAH tPAH S_SO2 S_NO2 S_O3 S_CO S_PM10 M_SO2 M_NO2 M_O3 M_CO M_PM10 
gPAH 1.00 
            
pPAH 0.19 1.00 
           
tPAH 0.891** 0.458* 1.00 
          
S_SO2 0.07 -0.12 0.12 1.00          
S_NO2 0.14 0.22 0.31 0.644** 1.00         
S_O3 0.10 0.23 0.21 0.411* 0.33 1.00        
S_CO -0.16 0.09 -0.05 0.07 0.10 0.19 1.00 
      
S_PM10 -0.13 0.14 0.07 0.457* 0.550** 0.714** 0.33 1.00      
M_SO2 0.00 -0.03 0.00 0.535** 0.629** 0.24 0.393* 0.513** 1.00     
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M_NO2 0.27 0.28 0.39 0.464* 0.876** 0.27 0.10 0.39 0.611** 1.00    
M_O3 0.12 0.05 0.19 0.38 0.10 0.869** 0.09 0.643** 0.02 0.03 1.00   
M_CO 0.01 0.01 0.09 0.33 0.465* 0.444* 0.17 0.669** 0.560** 0.449* 0.38 1.00 
 
M_PM10 -0.02 0.21 0.16 0.560** 0.748** 0.629** 0.37 0.894** 0.630** 0.563** 0.451* 0.599** 1.00 
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III. Deposition flux and deposition velocity 
3.1. Deposition flux 
3.1.1 Profiles of deposition flux of deposition samplers 
I calculated individual PAHs of the deposition flux for each deposition sampler. DDP and velcro could 
collect only dry deposition, while resin and bulk could collect dry and wet deposition. Therefore, the 
fluxes of resin and bulk were higher than those of DDP and velcro. This is sufficient to evaluate the 
deposition samplers.  
In the DDP, HMWPs were not detected during the sampling periods. Moreover, the fluxes of Ant were 
higher than those of Phe. Generally, the concentration of Phe is higher than the concentration of Ant39, 
and the aqueous solubility of Ant is lower than that of Phe. This means that Ant can attach in the 
particulate phase. However, the deposition fluxes of Phe were higher than those of Ant in the velcro 
deposition sampler. It was determined that the velcro of the velcro deposition sampler attached the 
particles; therefore, the particulate phase of PAHs determined the deposition fluxes. Furthermore, 
HMWPs were detected in the deposition fluxes of the velcro deposition sampler. When studying dry 
deposition, it is necessary to determine the optimum deposition sampler for studying dry deposition.  
Deposition fluxes of 13 PAHs were calculated in the resin deposition sampler. It is useful to study dry 
and wet deposition; however, the variation of each compounds was large for the 13 PAHs. On the other 
hand, the bulk deposition sampler collected the 13 PAHs and showed small variations of each compound. 
In the focus on the each compound, the bulk deposition sampler shows good deposition ability. However, 
volatilization is possible. Therefore, I added deionized water to supplement the deposition materials. In 
addition, I determined that long-term monitoring of PAH deposition can be used in the bulk deposition 
sampler to observe the atmospheric deposition of PAHs. 
I compared pattern of individual PAHs, in the case of DDP, Ayse Bozlaker et al. (2008) collected dry 
deposition sampler of PAHs in an industrial area in Turkey. The deposition fluxes of PAHs were 5,792 ± 
3,516 ng/m
2
/d in summer and 2,650 ± 1,829 ng/m
2
/d in winter. The results was little different with our 
results that high moleculr weight PAHs such as BbF, BkF, BaP, Ind, DahA and BghiP were not detected 
in DDP samples. Deposition fluxes of BbF, BkF, BaP, Ind, DahA and BghiP were 123 ± 38 ng/m
2
/d, 114 
± 70 ng/m
2
/d, 97 ± 89 ng/m
2
/d, 100 ± 65 ng/m
2
/d, 54 ±32 ng/m
2
/d, 153 ±180 ng/m
2
/d which is relatively 
low fluxes than low moleculr weight PAHs (Ayse Bozlaker et al. (2008)). Also, dry deposition fluxes of 
suburban area were significantly higher than urban area (Eylem Demircioglu et al. (2011). The total 
deposition fluxes of PAHs were similar level comparing other study (Bae et al. 2002) using DDP.  
Lee et al. 2006 studied dry deposition of PAHs using velcro deposition sampler at Seoul, Korea. The 
total deposition fluxes were similar to our study. However, Ind and DahA were not detected to our study 
in other hands, Lee et al. 2006 calculated the deposition fluxes of 14 PAHs (Phe, Ant, Flt, Pyr, BaA, Chr, 
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BbF, BkF, BeP, BaP, Ind, DahA and BghiP). In case of resin deposition sampler, there was not deposition 
study using resin deposition sampler. Tilman Gocht et al (2007) deployed resin deposition sampler in 
rural sites of southern Germany. Our study and Tilman Gocht are founded 13 PAHs in their samples. The 
deposition fluxes of resin deposition sampler were different as sampling sites. Phe was calculated for 
highest deposition fluxes in our study (Tilman Gocht et al. (2007). Deposition fluxes of bulk deposition 
sampler were highest value among four type of sampler. Wentao Wang et al 2011 calculated the 
deposition fluxes of 15 PAHs (Ace, Acy, Flu, Phe, Ant, Flt, Pyr, BaA, Chr, BbF, BkF, BaP, DahA, Ind 
and BghiP). Deposition fluxes of Ace, Acy, Flu, Phe, Ant, Flt, Pyr, BaA, Chr, BbF, BkF, BaP, DahA, Ind 
and BghiP were calculated to 0.01 ± 0.01, 0.02 ± 0.03, 0.11 ± 0.13, 1.84 ± 1.83, 0.11 ± 0.09, 0.61 ± 0.53, 
0.15 ± 0.09, 0.37  ± 0.19, 0.41 ± 0.21, 0.11 ± 0.05, 0.12 ± 0.07, 0.03 ± 0.02, 0.15 ± 0.07, 0.10 ± 0.06 
μg/m2/d, respectively. In our study, Flu and Phe were shown the high deposition flux among the target 
compounds, However, Wentao Wang et al., 2011 shows the high value of Phe and Flt in their samples. 
 Comparing the improved dry and wet deposition sampler in Ulsan, Lee and Lee (2004) calculated the 
dry deposition fluxes and wet deposition fluxes for 16 PAHs. Sampling periods were different with our 
study, however, sampling area was close to our study. They calculated the dry and wet deposition fluxes 
of the 16 PAHs at Ulsan bay during summer season and winter season which is higher wet deposition 
fluxes than dry deposition fluxes, I did not distinguish dry and wet deposition fluxes (Wang et al., 2011).   
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Figure 22. Deposition flux of individual PAHs of each deposition samplers 
 
3.1.2  Seasonal variations of deposition flux of deposition samplers 
I calculated the seasonal variations of deposition fluxes for the deposition samplers, as shown in Figure 
23. The seasonal variations of deposition fluxes were not large during the sampling periods. The DDP 
and velcro deposition samplers collected dry deposition, while the resin and bulk deposition samplers 
collected both dry deposition and wet deposition. During the sampling periods, 13 June showed high 
deposition fluxes, and a high concentration of PAHs was detected with the high volume air sampler. In 
addition, fraction of particulate PAHs was high, it is possible to deposit for deposition samplers. 
Generally, deposition fluxes in spring and fall are increased in relation to summer for atmospheric PAHs 
(Usenko et al., 2010). PAHs arise due to incomplete combustion sources. Therefore, atmospheric 
concentration and deposition fluxes decreased for the summer season. However, resin deposition 
sampler and bulk deposition sampler were deployed during precipitation which increases the high 
deposition flux. 
 Deposition flux of resin deposition sampler was showed high deposition flux from 24 August to 2 
September (R12). And PAHs in air were low concentration due to the meteorological conditions which is 
high temperature, high humidity and wind pattern. The major wind of summer blows to northern of 
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Sangbuk and eastern of Bukjung. The PAH concentration in air was not influenced with industrial 
complexes owing to major wind direction and mild meteorological conditions. Also, little precipitation 
occurred at 30 September which can adsorb PAHs as resin with precipitation by wet deposition.  
 
 
Figure 23. Deposition flux of seasonal variations of each deposition sampler
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3.2 Deposition velocity 
3.2.1 Profiles of deposition velocity of deposition samplers 
Figure 24 shows the individual deposition velocities of the deposition samplers. Generally, the resin 
and bulk deposition samplers exhibited high deposition velocity. Moreover, the DDP and velcro 
deposition samplers showed low deposition velocity. This is because the deposition velocity of the DDP 
and velcro deposition samplers included only dry deposition, while those of the resin and bulk 
deposition samplers involved both dry and wet deposition. The deposition velocity of Ant showed high 
velocity for the DDP and resin deposition samplers. This was affected by the deposition fluxes for each 
sampler. In the resin deposition sampler and bulk deposition sampler were shown in the deposition 
samplers. 
The dry deposition velocities for individual PAH compounds are shown in Figure 24. The dry 
deposition velocities for each PAH ranged from 0.11 cm/s – 0.59 cm/s for DDP, 0.12 cm/s – 2.68 cm/s 
for velcro deposition sampler, 0.11 cm/s – 3.86 cm/s for resin deposition sampler, 0.38 cm/s – 4.28 cm/s 
for bulk deposition sampler. Comparing other studies, there was similar level of individual deposition 
velocities. In case of deposition velocity, there was various range of deposition velocity about previous 
studies (Esen et al., 2008; Gocht et al., 2007; J. Y. Lee et al., 2006; Motelay-Massei et al., 2003).    
 
Figure 24. Deposition velocity of individual PAHs of each deposition sampler 
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3.2.2 Seasonal variations of deposition velocity of deposition samplers 
The deposition velocities of deposition samplers were calculated for the deposition fluxes of PAHs and 
atmospheric PAHs. The deposition velocities of the resin and bulk deposition samplers were calculated 
for high velocity due to the characteristics of the deposition samplers. The deposition velocities of the 
resin and bulk deposition samplers were high during the sampling periods. 
The deposition velocities for deposition sampler were shown in Figure 25. The highest deposition 
velocity was calculated in resin deposition sampler and bulk deposition sampler due to collect the both 
gaseous PAHs and particulate PAHs during sampling periods. The ranges of deposition velocities for 
PAH were 1.05 cm/s – 3.17 cm/s for DDP, 2.42 cm/s – 9.46 cm/s for velcro deposition sampler, 1.06 
cm/s – 23.56 cm/s for resin deposition sampler, 4.88 cm/s – 10.95 cm/s for bulk deposition sampler. This 
results were compared other studies which large variations depending on researchers, seasonal variations, 
study areas (Chang et al., 2006; Usenko et al., 2010; Wang et al., 2011).  
 
 
Figure 25. Deposition velocity of seasonal variations of each deposition sampler 
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3.3 Assessment of deposition samplers 
3.3.1 Box plot for deposition fluxes and deposition velocities 
I used the statistical process program for Sigma plot 12 using deposition fluxes, deposition velocities, 
deposition fluxes of individual PAHs, and deposition velocities of individual PAHs. The deposition flux 
and deposition velocity of DDP exhibited the lowest values of the deposition samplers. However, the 
deposition flux and deposition velocity of the resin and bulk deposition samplers did not display a large 
gap. The deposition flux and deposition velocity of resin deposition sampler showed a tendency over 
point, because deposition fluxes are calculated by PAH concentration in air multiplied by deposition 
velocity. The deposition fluxes of the resin deposition sampler were the highest among the four 
deposition samplers. The results of the flux calculations demonstrate that concentrations of gaseous PAH 
in the water should have a greater tendency to exhibit deposition of organic pollutants from the air to the 
land or sea. This means that the resin deposition sampler had good ability to collect gaseous and 
particulate PAHs. And Phe of the resin deposition sampler was too high variation depends on the 
seasonal variations. Results from several studies have shown that the deposition flux of gaseous PAHs is 
strongly seasonally dependent and individual chemicals should show volatilization behavior according 
to one season and deposition. Moreover, in this study, the abilities of deposition samplers were 
estimated. 
In previous study, bulk deposition fluxes and velocities show the high values dependence on the 
difference of sampling area, sampling periods and researchers.  
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Figure 26. Box plot for deposition fluxes and deposition velocities and individual PAHs of 
deposition fluxes and deposition velocities 
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3.3.2 Assessment for among target compounds 
I used SPSS 18 for correlation analysis among gaseous PAHs, particulate PAHs, total PAHs, and standard air pollutants such as SO2, NO2, O3, 
CO, and PM10 in air pollution monitoring networks in Samnam and Mugeo, and investigated the deposition velocities and fluxes of deposition 
samplers. Each deposition flux was correlated with deposition velocity, and the levels of significant air pollutants between Samnam and Mugeo 
were correlated for the two sites. More gaseous PAHs were collected in the resin deposition sampler than the other three types of sampler. 
Actually, resin deposition samplers can collect gaseous organic pollutants with resin as an adsorbent. In addition, particulate PAHs were related 
to the deposition velocity of the velcro deposition sampler. This means that particles in air more easily attached to velcro than other three types of 
deposition sampler. However, DDP was able to collect particles on the greased Mylar strip. In this study, HMWPs in particles were not detected 
during sampling season. To collect these particles will require sampling for long periods, however, DDP is not adjustable to long-term 
monitoring because it cannot collect wet deposition.  
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Table 10. Pearson correlation matrix of PAHs in air, deposition fluxes of PAHs, deposition velocities of PAHs, criteria air pollutants 
collected at the Samnam and Mugeo 
  
g 
PAH 
p 
PAH 
t 
PAH 
S_ 
SO2 
S_ 
NO2 
S_ 
O3 
S_ 
CO 
S_ 
PM10 
M_ 
SO2 
M_ 
NO2 
M_ 
O3 
M_ 
CO 
M_ 
PM10 
F_ 
DDP 
F_ 
Velcro 
F_ 
Resin 
F_ 
Bulk 
V_ 
DDP 
V_ 
Velcro 
V_ 
Resin 
V_ 
Bulk 
gPAH 1.00                                         
pPAH 0.19 1.00                                       
tPAH 
0.891*
* 
0.458
* 
1.00                                     
S_ 
SO2 
0.07 -0.12 0.12 1.00                                   
S_ 
NO2 
0.14 0.22 0.31 
0.644*
* 
1.00                                 
S_ 
O3 
0.10 0.23 0.21 0.411* 0.33 1.00                               
S_ 
CO 
-0.16 0.09 -0.05 0.07 0.10 0.19 1.00                             
S_ 
PM10 
-0.13 0.14 0.07 0.457* 
0.550*
* 
0.714*
* 
0.33 1.00                           
M_ 
SO2 
0.00 -0.03 0.00 
0.535*
* 
0.629*
* 
0.24 
0.393
* 
0.513*
* 
1.00                         
M_ 
NO2 
0.27 0.28 0.39 0.464* 
0.876*
* 
0.27 0.10 0.39 
0.611*
* 
1.00                       
M_ 
O3 
0.12 0.05 0.19 0.38 0.10 
0.869*
* 
0.09 
0.643*
* 
0.02 0.03 1.00                     
M_ 
CO 
0.01 0.01 0.09 0.33 0.465* 0.444* 0.17 
0.669*
* 
0.560*
* 
0.449* 0.38 1.00                   
M_ 
PM10 
-0.02 0.21 0.16 
0.560*
* 
0.748*
* 
0.629*
* 
0.37 
0.894*
* 
0.630*
* 
0.563*
* 
0.451
* 
.599*
* 
1.00                 
F_ 
DDP 
0.12 0.25 0.08 -0.04 0.12 0.02 -0.07 -0.14 -0.11 0.23 0.01 -0.29 -0.10 1.00               
F_ 
Velcr
o 
0.17 -0.21 0.17 0.26 0.30 -0.02 -0.17 0.09 0.18 0.31 -0.09 0.43 0.22 -0.14 1.00             
F_ 
Resin 
0.592* 0.23 
0.521
* 
0.14 0.21 0.11 -0.34 0.09 -0.10 0.16 0.31 0.01 0.06 0.11 -0.15 1.00           
F_ 
Bulk 
-0.07 0.49 0.25 0.12 0.23 0.13 -0.25 -0.08 -0.36 0.26 0.23 -0.33 0.05 0.29 -0.46 0.12 1.00         
V_ 
DDP 
0.21 -0.21 0.06 -0.03 0.16 0.04 -0.16 -0.07 0.03 0.31 0.10 0.18 -0.08 
.724
** 
0.19 0.18 -0.18 1.00       
V_ 
Velcr
o 
0.11 
-
.542* 
0.02 0.11 0.10 -0.17 -0.16 -0.02 0.24 0.16 -0.17 
0.571
* 
0.02 -0.36 .818** -0.15 -0.39 0.28 1.00     
V_ 
Resin 
0.547* -0.28 0.39 0.07 0.08 -0.05 -0.35 -0.06 0.00 0.12 0.18 0.37 -0.11 -0.20 0.17 .677** -0.19 0.35 0.49 1.00   
V_ 
Bulk 
0.31 0.52 0.54 0.20 0.12 -0.39 -0.41 -0.58 -0.46 0.00 -0.22 
-
.718* 
-0.30 0.27 -0.26 0.04 .706* -0.37 -0.45 -0.29 1.00 
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Chapter 4. Conclusions 
I. Summary and overall conclusions 
In this study, i evaluated the ability of deposition samplers which considering strong points and weak 
points to complement deposition samplers. Deposition fluxes and deposition velocities were calculated 
for assessing the deposition samplers. To accurately calculate deposition fluxes and deposition velocities, 
i evaluated four types of deposition samplers: dry deposition plate, velcro deposition sampler, resin 
deposition sampler, and bulk deposition sampler. Also, i investigated both atmospheric PAHs with a high 
volume air sampler and criteria air pollutants of air pollutants monitoring stations such as CO, NO2, SO2 
and PM10 from May 2013 to October 2013 at the sampling sites Ulsan, Korea.  
The high volume air sampler was set at UNIST. The range of concentration was 1.10 – 7.02 ng/m3 
(Mean: 4.23 ng/m
3
) in the gaseous phase and the range of concentration was 0.85 – 2.82 ng/m3 (Mean: 
1.67 ng/m
3
) in the particulate phase. Finally, the total concentration of PAHs was 1.95 – 9.84 ng/m3 
(Mean: 5.91 ng/m
3
) during the sampling period. Gaseous phase of PAHs was detected for Flu, Phe, Ant, 
Flt, Pyr, BaA and Chr. Because of their high molecular weight PAHs have low vapor pressure, therefore 
low molecular weight PAHs prefers the gaseous phase. Seasonal variations of PAHs were shown in this 
study, with greater PAH concentrations in spring and fall than in summer. It is generally seasonal 
variations of atmospheric PAHs. The sources of PAHs were incomplete combustion sources such as 
biomass burning, open burning, industrial boilers, and emission from vehicles.  
The concentrations of criteria air pollutants were assumed that middle level between Samnam and 
Mugeo. The concentrations of SO2, NO2, CO, O3 and PM10 were 1.3 – 9.9 ng/m
3
 (Mean: 3.8 ng/m
3
), 6.7 – 
21.9 ng/m
3
 (Mean: 12.6 ng/m
3
), 0.2 – 0.7 ng/m3 (Mean: 0.3 ng/m3), 14.1 – 63.9 ng/m3 (Mean: 34.0 ng/m3), 
15.1 – 57.1 ng/m3 (Mean: 30.9 ng/m3) in Samnam and were 3.4 – 15.0 ng/m3 (Mean: 6.8 ng/m3), 4.7 – 
43.1 ng/m
3
 (Mean: 24.0 ng/m
3
), 0.2 – 0.7 ng/m3 (Mean: 0.4 ng/m3), 13.5 – 60.5 ng/m3 (Mean: 27.4 ng/m3) 
and 14.6 – 74.8 ng/m3 (Mean: 38.4 ng/m3) in Mugeo. The criteria air pollutants of Samnam and Mugeo 
was possible to influence criteria air pollutants at UNIST owing to seasonal wind direction. The sampling 
site, at UNIST has both urban and rural characteristics. 
The deposition fluxes measured by DDP, velcro deposition sampler, resin deposition sampler, and bulk 
deposition sampler were 4.55 – 15.13 μg/m2/d (Mean: 8.89 μg/m2/d), 13.14 – 30.92 μg/m2/d (Mean: 22.04 
μg/m2/d), 7.72 – 55.41 μg/m2/d (Mean: 28.43 μg/m2/d), and 32.72 – 49.44 μg/m2/d (Mean: 40.13 μg/m2/d), 
respectively, for the sampling period. The deposition velocity measured by DDP, velcro deposition 
sampler, resin deposition sampler, and bulk deposition sampler were 1.03 – 3.17 cm/s (Mean: 1.89 cm/s), 
2.42 – 9.46 cm/s (Mean: 4.61 cm/s), 1.06 – 23.56 cm/s (Mean: 6.46 cm/s), and 4.88 – 10.95 cm/s (Mean: 
7.48 cm/s), respectively, for the sampling period. The different types of deposition sampler measured 
different ranges of deposition flux and deposition velocity. 
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The level of deposition flux measured in Ulsan is lower than othar measured in other studies, 
presumably due to meteorological conditions and wind direction. I suggest the optimum deposition 
sampler for deposition study, velcro deposition sampler shows the high deposition fluxes and high 
deposition velocity than DDP due to different type of the structure. 
Also, for long-term monitoring, the resin deposition sampler and bulk deposition sampler are useful to 
identify dry and wet deposition. In the dry deposition case, comparing between the dry deposition sampler 
and resin deposition sampler, the dry deposition sampler could not detect high molecular weight PAHs in 
this study. However, the velcro deposition sampler could collect high molecular weight PAHs in particle 
in this study. For long-term monitoring of atmospheric PAHs, i recommend the resin deposition sampler 
and bulk deposition sampler. The resin deposition sampler and bulk deposition sampler have collected 
both dry and wet deposition which are distributed high molecular weight PAHs and low molecular weight 
PAHs.   
 
 
II. Recommendations for further research 
1. Study of structure of DDP, I set up a greased surrogate surface beside the surrogate surface plate to 
collect particles for PAHs 
2. Compare the deposition fluxes of the velcro deposition sampler, between the outside of the velcro 
and inside of the velcro. 
3. Calibration of the deposition fluxes of dry deposition samplers such as DDP and velcro deposition 
sampler to optimize sampling periods.   
4. I deployed the deposition sampler: DDP, velcro deposition sampler, resin deposition sampler, and 
bulk deposition sampler until winter season. I will compare the deposition fluxes and deposition 
velocities as seasonal variations.  
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Fig S1. Seasonal variation of pollution roses at Samnam 
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Fig S2. Seasonal variation of pollution roses at Mugeo
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Fig S3. Chromatogram of polyurethane foam sample
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Fig S4. Chromatogram of glass fiber filter sample
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Fig S5. Chromatogram of dry deposition plate sample
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Fig S6. Chromatogram of velcro deposition sample
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Fig S7. Chromatogram of resin deposition sample
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Fig S8. Chromatogram of bulk deposition sample
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Table S1 previous studies of PAHs in air 
  Reference Country Location 
Site 
characteristics 
Sampling period Season Sum PAHs 
1 
Barrado_et al. 
(2013) 
Spain Madrid Semi-urban January 2008 - February 2009 All 1.25 16 
2 
Barrado_et al. 
(2012) 
Spain Madrid Suburb April 2008 - November 2008 All 0.77 10 
3 
Ramirez_et al. 
(2011) 
Spain Tarragona Industrial June 2008 - June 2009 All 28.27 18 
4 
Ramirez_et al. 
(2011) 
Spain Tarragona Industrial June 2008 - June 2009 All 3.19 18 
5 
Callen_et al. 
(2008) 
Spain Zaragoza Urban April 2003 - July 2004 All 7.59 17 
6 
Callen_et al. 
(2012) 
Spain Zaragoza Urban February 2010 - January 2011 All 1.29 17 
7 Ras_et al. (2009) Spain Tarragona Industrial April - May 2007 Spring 11.54 16 
8 
Callen_et al. 
(2011) 
Spain Zaragoza Urban 2003 - 2004 All 8.70 17 
9 
Krumal._et al. 
(2013) 
Czech 
Republic 
Brno Urban 2009 -2010 Winter, Summer 9.09 16 
10 
Krumal._et al. 
(2013) 
Czech 
Republic 
Slapanice Urban 2009 -2010 Winter, Summer 8.71 16 
11 
Dvorska_et al. 
(2012) 
Czech 
Republic 
Kosetice Background 1996-2009 All 18.27 12 
12 
Masiol_et al. 
(2012) 
Italy Venice-Mestre Urban 2009-2010 All 16.30 11 
13 
Menichini_et al. 
(2007) 
Italy Rome Urban February 2000 - January 2001 - 5.69 8 
14 
Gambaro_et al. 
(2004) 
Italy Venice 
Urban and 
Industral 
August 2002 - Septem 2002 Summer 22.39 13 
15 
Caricchia_et al. 
(1999) 
Italy Naples Urban 1996-1997 All 21.87 15 
16 
Lodovici_et al. 
(2003) 
Italy Florence Urban December 1999 to Novem ber 2000 All 0.00 7 
17 
Amodio_et al. 
(2009) 
Italy Bari and Taranto Urban January 2000 - July 2005 All 0.00 7 
18 
Martellini_et al. 
(2012) 
Italy Tuscany 
Urban and 
background 
March 2009 - March 2010 Warm, Cold 3.74 16 
19 
Cincinelli_ et al. 
(2007) 
Italy Prato Industrial March - November 2002 All 49.22 12 
20 
Qadir_et al. 
(2013) 
Germany Munich 
Commerce, 
Trade 
October 2006 - February 2007, October 2009 - 
February 2010 
Autumn, winter 5.10 12 
21 
Sklorz_et al. 
(2007) 
Germany Augsburg 
Urban 
background 
August -September 2005 Autumn 0.98 25 
22 Bari_et al. (2010) Germany Schoenbuch Residential November 2005 - March 2006 Winter 0.00 - 
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23 Li_et al. (2009) USA Atlanta Urban January 2004 - December 2004 All 1.21 28 
24 Li_et al. (2009) USA Atlanta Suburban January 2004 - December 2004 All 1.33 28 
25 Li_et al. (2009) USA Atlanta Rural January 2004 - December 2004 All 0.79 28 
26 Park_et al. (2001) USA TEXAS Industrial 2 February 1995 - 6 August 1996 - 0.63 14 
27 Park_et al. (2001) USA TEXAS Industrial 2 February 1995 - 6 August 1996 - 25.26 14 
28 
Simcik_et al. 
(1998) 
USA Chicago Urban July 1994 - January 1995 
Summer, Autumn, 
Winter 
83.46 11 
29 
Gigliotti_et al. 
(2000) 
USA New Jersey Urban, Industrial October 1997 - February 1998 Autumn, Winter 9.63 36 
30 
Gigliotti_et al. 
(2000) 
USA New Jersey Urban, Industrial October 1997 - February 1998 Autumn, Winter 0.39 36 
31 
Poor_ et al. 
(2004) 
USA Florida Coastal May - August 2002 Summer 29.08 16 
32 Lin_et al. (2011) USA New Jersey Urban November 2005 - December 2006 All 73.74 16 
33 
Naumova_et al. 
(2002) 
USA Los angeles Industrial, Urban July 1999 - May 2000 All 10.59 30 
34 
Naumova_et al. 
(2002) 
USA Houston Industrial, Urban June 1999 - May 2000 All 19.98 30 
35 
Naumova_et al. 
(2002) 
USA Elizabeth Industrial, Urban June 1999 - May 2000 All 28.33 30 
36 
Vestenius_et al. 
(2011) 
Finland Virolahti Background 
August - October 2007, March 2007, September 
2008 
All 2.16 11 
37 
Vasilakos_et al. 
(2007) 
Greece Athens Suburban June 2003 - November 2003 Summer, Winter 25.08 14 
38 
Vasilakos_et al. 
(2007) 
Greece Athens Suburban June 2003 - November 2003 Summer, Winter 2.83 14 
39 
Tsapakis_et al. 
(2005) 
Greece Heraklion Urban November 2000 - February 2002 All 48.22 24 
40 
Mantis_et al. 
(2005) 
Greece Athens Urban May 2001-June 2002 All 3.80 13 
41 
Terzi_et al. 
(2005) 
Greece Kozani Urban 
January 2001 - October 2002, February 2002 - 
October 2002 
Winter, Spring, 
Summber 
26.01 12 
42 
Terzi_et al. 
(2005) 
Greece Vegoritis Rural 
January 2001 - October 2002, February 2002 - 
October 2002 
Winter, Spring, 
Summber 
16.39 12 
43 
Terzi_et al. 
(2005) 
Greece Petrana Background 
January 2001 - October 2002, February 2002 - 
October 2002 
Winter, Spring, 
Summber 
3.00 12 
44 
Kalaitzoglou_et 
al. (2004) 
Greece Eordea basin 
Urban, 
Background 
January-October 2001 
Spring,Summber, 
Autumn 
3.09 13 
45 
Marino_et al. 
(2000) 
Greece Athens Suburban 
January-February and December(winter), 
March-May(Spring), June-July (Summer), 
September-November(Autumn) 1996 
All 6.13 9 
46 
Manoli_et al. 
(2004) 
Greece Thermaikos gulf Industrial - Warm, Cold 19.11 13 
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47 
Feilberg_et al. 
(2001) 
Denmark RiSO Semi-rural - Winter, Spring 3.22 10 
48 
Feilberg_et al. 
(2001) 
Denmark HCAB Urban - Winter, Spring 26.60 10 
49 
Harrad_et al. 
(2005) 
England Birmingham Urban, Rural October 1999 - January 2001 fall, winter 21.17 16 
50 
Smith_et al. 
(1996) 
England Birmingham Urban, Rural - Winter 21.01 18 
51 
Smith_et al. 
(1996) 
England Birmingham Urban, Rural - Winter 135.06 18 
52 
Marchand_et al. 
(2004) 
France 
Chamonix, 
Maurienne 
Local, Tourism Summer of 2000 and the winter of 2001 Summer, Winter 10.64 11 
53 
Morville_et al. 
(2011) 
France 
Strasbourg, 
Schiltigheim, Erstein 
Urban, Suburban, 
and rural 
April 2002 - February 2004 
Spring, Autumn, 
Winter 
121.93 17 
54 
Motelay-
Massei_et al. 
(2006) 
France La havre Industrial April 16, 2002 - April 14, 2003 All 11.26 14 
55 
Motelay-
Massei_et al. 
(2006) 
France La havre Industrial April 16, 2002 - April 14, 2003 All 2.08 14 
56 
Albinet_et al. 
(2007) 
France Marseilles Urban  During July 2004 Summer 20.75 15 
57 
Ravindra_et al. 
(2008) 
Belgium Menen Industrial During each month of 2003 All 6.73 16 
58 
Melymuk_et al. 
(2012) 
Canada Toronto 
Commercial, 
residential 
March 2008 - October 2008 All 0.00 - 
59 
Sanderson_et al. 
(2004) 
Canada Beaul Industrial January 2000 - December 2001 - 0.00 9 
60 
Sofowote_et al. 
(2012) 
Canada Yukon Territory Sub-arctic August 2007 - October 2009 winter 0.12 11 
61 
Sofowote_et al. 
(2012) 
Canada Yukon Territory Sub-arctic August 2007 - October 2009 winter 0.02 11 
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Table S2 correlation analysis among the target compounds including 13 PAHs 
  Flu Phe Ant Flt Pyr BaA Chr BbF BkF BaP Ind DahA BghiP 
S_ 
SO2 
S_ 
NO2 
S_ 
O3 
S_ 
CO 
S_ 
PM10 
M_ 
SO2 
M_ 
NO2 
M_ 
O3 
M_ 
CO 
M_ 
PM10 
Flu 1 
.576*
* 
0.117 0.155 
-
0.029 
0.269 
0.603
** 
0.393
* 
0.416
* 
0.306 
0.565
** 
0.173 
0.530
** 
0.225 0.335 0.328 
-
0.232 
0.214 
-
0.058 
0.423
* 
0.276 0.051 0.249 
Phe 
0.576
** 
1 0.084 0.373 0.185 0.189 0.33 0.012 0.077 0.004 0.186 0.034 0.241 0.199 0.212 0.145 
-
0.172 
-
0.041 
0.105 
0.445
* 
0.047 
-
0.017 
-
0.011 
Ant 0.117 0.084 1 
-
0.321 
-
0.212 
0.876
** 
0.058 
-
0.185 
-0.38 0.004 
-
0.337 
0.341 
-
0.163 
0.31 0.054 
-
0.166 
0.153 
-
0.214 
0.183 0.112 
-
0.275 
0.01 
-
0.138 
Flt 0.155 0.373 
-
0.321 
1 
0.917
** 
-
0.305 
0.198 0.143 0.027 
-
0.052 
0.272 -0.104 0.365 -0.08 0.083 0.101 
-
0.112 
-
0.059 
-
0.168 
0.056 0.137 
-
0.011 
-
0.035 
Pyr 
-
0.029 
0.185 
-
0.212 
0.917
** 
1 
-
0.265 
0.109 0.104 -0.05 
-
0.054 
0.162 0.01 0.316 
-
0.117 
-
0.038 
0.063 
-
0.006 
-0.16 
-
0.157 
-
0.117 
0.085 -0.08 -0.12 
BaA 0.269 0.189 
0.876
** 
-
0.305 
-
0.265 
1 0.326 0.1 
-
0.144 
0.216 
-
0.098 
0.506
** 
0.044 0.155 -0.01 
-
0.243 
0.081 
-
0.233 
0.093 0.121 
-
0.345 
-
0.103 
-0.18 
Chr 
0.603
** 
0.33 0.058 0.198 0.109 0.326 1 
0.659
** 
0.693
** 
0.432
* 
0.808
** 
0.086 
0.778
** 
0.131 0.188 0.332 
-
0.126 
0.132 
-
0.085 
0.287 0.272 
-
0.039 
0.158 
BbF 
0.393
* 
0.012 
-
0.185 
0.143 0.104 0.1 
0.659
** 
1 
0.755
** 
0.705
** 
0.723
** 
0.387 
0.806
** 
0.007 0.261 0.328 0.142 0.352 0.02 0.239 0.197 0.11 0.357 
BkF 
0.416
* 
0.077 -0.38 0.027 -0.05 
-
0.144 
0.693
** 
0.755
** 
1 
0.720
** 
0.860
** 
0.015 
0.789
** 
0.143 0.224 
0.506
** 
0.067 
0.401
* 
0.036 0.241 
0.418
* 
0.062 0.369 
BaP 0.306 0.004 0.004 
-
0.052 
-
0.054 
0.216 
0.432
* 
0.705
** 
0.720
** 
1 
0.518
** 
0.403
* 
0.642
** 
0.14 0.296 0.211 0.328 0.203 0.17 0.299 
-
0.025 
-
0.057 
0.216 
Ind 
0.565
** 
0.186 
-
0.337 
0.272 0.162 
-
0.098 
0.808
** 
0.723
** 
0.860
** 
0.518
** 
1 -0.019 
0.919
** 
0.162 0.329 
0.450
* 
-
0.099 
0.305 0.01 0.336 
0.405
* 
0.109 0.323 
DahA 0.173 0.034 0.341 
-
0.104 
0.01 
0.506
** 
0.086 0.387 0.015 
0.403
* 
-
0.019 
1 0.138 
-
0.006 
-
0.074 
-
0.065 
0.278 0.011 0.15 
-
0.031 
-
0.206 
-
0.189 
0.053 
Bghi
P 
0.530
** 
0.241 
-
0.163 
0.365 0.316 0.044 
0.778
** 
0.806
** 
0.789
** 
0.642
** 
0.919
** 
0.138 1 0.222 0.385 0.384 0.006 0.196 0.036 0.364 0.263 0.068 0.253 
S_ 
SO2 
0.225 0.199 0.31 -0.08 
-
0.117 
0.155 0.131 0.007 0.143 0.14 0.162 -0.006 0.222 1 
0.574
** 
0.463
* 
0.118 
0.476
* 
0.531
** 
0.375 0.367 0.273 
0.478
* 
S_ 
NO2 
0.335 0.212 0.054 0.083 
-
0.038 
-0.01 0.188 0.261 0.224 0.296 0.329 -0.074 0.385 
0.574
** 
1 0.355 0.106 
0.575
** 
0.655
** 
0.835
** 
0.05 
0.496
* 
0.712
** 
S_O3 0.328 0.145 
-
0.166 
0.101 0.063 
-
0.243 
0.332 0.328 
0.506
** 
0.211 
0.450
* 
-0.065 0.384 
0.463
* 
0.355 1 0.269 
0.730
** 
0.309 0.315 
0.883
** 
0.451
* 
0.671
** 
S_ 
CO 
-
0.232 
-
0.172 
0.153 
-
0.112 
-
0.006 
0.081 
-
0.126 
0.142 0.067 0.328 
-
0.099 
0.278 0.006 0.118 0.106 0.269 1 0.341 
0.456
* 
0.056 0.149 0.146 0.343 
S_ 
PM10 
0.214 
-
0.041 
-
0.214 
-
0.059 
-0.16 
-
0.233 
0.132 0.352 
0.401
* 
0.203 0.305 0.011 0.196 
0.476
* 
0.575
** 
0.730
** 
0.341 1 
0.589
** 
0.389
* 
0.622
** 
0.667
** 
0.950
** 
M_ 
SO2 
-
0.058 
0.105 0.183 
-
0.168 
-
0.157 
0.093 
-
0.085 
0.02 0.036 0.17 0.01 0.15 0.036 
0.531
** 
0.655
** 
0.309 
0.456
* 
0.589
** 
1 
0.602
** 
0.054 
0.515
** 
0.644
** 
M_ 
NO2 
0.423
* 
0.445
* 
0.112 0.056 
-
0.117 
0.121 0.287 0.239 0.241 0.299 0.336 -0.031 0.364 0.375 
0.835
** 
0.315 0.056 
0.389
* 
0.602
** 
1 
-
0.046 
0.410
* 
0.492
* 
M_ 
O3 
0.276 0.047 
-
0.275 
0.137 0.085 
-
0.345 
0.272 0.197 
0.418
* 
-
0.025 
0.405
* 
-0.206 0.263 0.367 0.05 
0.883
** 
0.149 
0.622
** 
0.054 
-
0.046 
1 0.359 
0.493
* 
M_ 
CO 
0.051 
-
0.017 
0.01 
-
0.011 
-0.08 
-
0.103 
-
0.039 
0.11 0.062 
-
0.057 
0.109 -0.189 0.068 0.273 
0.496
* 
0.451
* 
0.146 
0.667
** 
0.515
** 
0.410
* 
0.359 1 
0.617
** 
M_ 
PM10 
0.249 
-
0.011 
-
0.138 
-
0.035 
-0.12 -0.18 0.158 0.357 0.369 0.216 0.323 0.053 0.253 
0.478
* 
0.712
** 
0.671
** 
0.343 
0.950
** 
0.644
** 
0.492
* 
0.493
* 
0.617
** 
1 
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제가 이렇게 감사의 글을 작성할 수 있는 사실에 감사드립니다. 2 년전에 울산에 내려오면서 
열심히 하는 것보다 잘하자고 다짐했었는데, 돌이켜보니 아쉬운 마음이 큽니다. 하지만, 석사과정 
2년은 저에게 어느 때보다 치열하고 열심히 살았던 것 같습니다. 2년 동안 도움을 준 분들에게 
감사의 말씀을 드리고자 합니다. 
 
먼저, 연구하는 방법에 대하여 조금이나마 알 수 있게 해주신 최성득 교수님께 감사드립니다. 
석사과정으로 입학하여 학문 기초부터 전공에 이르기까지 교수님께서 지도하여 주셔서 연구에 
대한 재미를 알 수 있었던 것 같습니다. 저의 능력이 부족하여 교수님께 좋은 결과만을 드리지 
못한 것 같아 죄송한 마음이 듭니다. 
 
또한, 논문을 심사하여 주시고 조언하여 주신 임정호 교수님과 차동현 교수님에게 감사의 말씀을 
드립니다. 부족한 영어 실력과 발표에도 격려하여 주신 교수님들께 거듭 감사드립니다. 
 
2년동안 함께 동거동락했던, 환경분석화학연구실 선후배들께 감사합니다. 잠드는 시간 제외하면 
대부분의 시간을 함께 생활한 동료들에게 감사의 말씀을 전합니다. 혼자였으면 해내지 못할 일을 
그들이 있어 무사히 마칠 수 있었습니다.  
 
잔류성유기오염물질에 대하여 무지하던 저에게 정말 많은 것을 알려주신 권혜옥 누나에게 
감사합니다. 누나가 계시지 않았다면, 해내지 못할 일을 함께 했었기 때문에 해냈다는 것을 너무 
잘 알고 있습니다. 함께 공부할 수 있어서, 배울 수 있어서 너무 감사했습니다. 기초적인 실험부터 
분석하는 방법에 대하여 가르쳐 준 은정이에게 감사합니다. 나이 많은 후배로 입학하여 살갑지 
못하게 행동한 것 같아 미안한 마음이 듭니다. 저에게 가장 부족한 세심하게 업무를 처리하는 
방법을 배울 수 있게 해 준 주연이에게 감사의 말을 전합니다. 제가 먼저 다가가 살갑게 대했어야 
하는데, 그러지 못한 미안한 마음을 전합니다. 나이 많은 후배로 들어온 민규형에게 감사의 말을 
전합니다. 저에게 든든한 형으로 이야기를 나누고 조언해 준 민규형에게 따듯하게 대하지 못한 
미안한 말씀 또한 전합니다. 오랜 시간을 함께하진 못했지만 아름이 누나, 성준이, 솔아, 소연이, 
케빈, 에르완에게도 감사의 말을 전합니다. 친절하지 못한 선배를 따라 준 것에 고맙고, 많은 것을 
전해주지 못한 것에 대해 후회가 됩니다. 연구실에서 함께 생활한 준규, 혜정이, 가현이, 새미, 
보람이, 병채, 정욱이, 성문이에게도 감사의 인사를 전합니다. 
 
환경분석센터 선생님들에게 감사의 말씀을 전합니다. 잔류성유기오염물질의 분석에 대한 
전반적인 것과 과제를 진행하는 방법에 대하여 가르쳐 주신 김철수 선생님께 감사드립니다.  또한, 
손희식 선생님께도 감사의 말씀을 전합니다. 항상 반갑게 인사해 주시고, 조언해 주신 손희식 
선생님께도 감사의 인사를 드립니다. 바쁘신 와중에도 시료채취부터 분석까지 도와주신 예진  
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선생님에게도 감사드립니다. 분석이 어려울 때 찾아가면 가르쳐주시고 도와주시는 이윤세 
선생님께도 감사의 말씀을 전합니다. 환경분석센터 선생님들 덕분에 과제를 무사히 마치고, 
업무를 수행할 수 있었습니다.  
 
멀리서 함께 고생해준 친구들에게도 감사의 말을 전합니다. 연락안되는 혁선이형, 열심히 일하고 
있는 광진이형, 잘 지내고 있는 영훈이, 졸업과 입학을 하는 병현이에게도 감사의 말을 전합니다. 
필요할 때 연락만 하는 저에게 격려와 조언을 해준 지해, 유리, 선주에게도 고마웠다고 말을 
전합니다. 다른 곳에서 공부하였지만, 입학과 졸업을 함께한 도현이에게도 감사드립니다. 저의 
투덜거림과 불평을 들어준 2 경비 친구들 민철이, 영태, 진영이에게도 감사의 말을 전하고 
싶습니다.  
 
마지막으로, 저희 가족들에게 감사의 인사를 전합니다. 지금까지 공부할 수 있게 해주신 부모님께 
진심으로 감사드립니다. 부모님께서 도와주시지 않았다면, 여기까지 올 수 없었을 것을 너무나 잘 
알고 있습니다. 이렇게 글로나마 감사의 말씀을 전해드립니다. 그리고 열심히 공부하고 있는 동생 
수연이에게도 감사의 말을 전합니다. 가족이 있었기에 든든하게 공부할 수 있었습니다.  
 
감사의 인사를 전하지 못한 도시환경공학부 교수님들, 선후배, 동기분들에게도 감사의 인사를 
전합니다.  
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